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Gibberellins (GAs) are a group of endogenous growth factors that are essential for a wide 
variety of plant developmental processes. Severe GA deficient-mutant ga1-3 which lacks 
the important enzyme ent-CDP synthase (ent-copalyl diphosphate synthase) for GA 
biosynthesis is non-germinating, dwarf and male sterile. In the past few years, a group of 
negative regulators encoded by DELLA genes have been identified. There are five 
DELLA genes in Arabidopsis: GAI, RGA, RGL1, RGL2 and RGL3. RGL2 encodes a 
repressor of seed germination, loss-of-function mutation of RGL2 partially suppresses the 
non-germinating phenotype of ga1-3 in the light, whereas the mutations of other DELLAs 
do not.  
In this thesis, using ga1-3 mutant as the genetic background, I confirm that RGL2 
encodes the predominant repressor of seed germination in Arabidopsis and show that 
other DELLA genes GAI, RGA and RGL1 enhance the function of RGL2. More 
importantly, I show that ga1-3 seeds lacking RGA, RGL1 and RGL2 or GAI, RGL1 and 
RGL2, confer GA-independent germination in the light but not in the dark whilst ga1-3 
seeds lacking GAI, RGA and RGL2 germinate both in the light and dark. This suggests 
that the destabilization or inactivation of RGA and GAI is not only triggered by GA but 
also possibly by light. In addition, ga1-3 seeds lacking in all the aforementioned four 
DELLA genes have elongated epidermal cells and confer light-, cold- and GA-
independent seed germination. Therefore, DELLA proteins likely act as integrators of 
environmental and endogenous cues to regulate seed germination (Cao et al., 2005). 
Besides GA-independent seed germination, the ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 mutant 
also confers GA-independent floral development. This fact suggests that GA-regulated 
 xi
transcriptomes for seed germination and floral development are DELLA-dependent. 
However, it is currently not known if all GA-regulated genes are GA-regulated in a 
DELLA-dependent fashion and if a similar set of DELLA-regulated genes are mobilized 
to repress both seed germination and floral development. To address these questions, my 
colleagues and I compared the global gene expression patterns in the imbibed seeds and 
unopened flower buds of ga1-3 mutant with that of wild type and the ga1-3 gai-t6 rga-t2 
rgl1-1 rgl2-1 mutant. We found that approximately half of the total GA-regulated genes 
may be regulated in a DELLA-dependent fashion, suggesting that there might be a 
DELLA-independent or -partially-dependent component of GA-dependent gene 
regulation. A cross-comparison based on gene identity revealed that the GA-regulated 
DELLA-dependent transcriptomes in the imbibed seeds and flower buds are distinct from 
each other (Cao et al., 2006). To study the relationship of these candidate DELLA-
regulated genes and GA signaling pathway, one way is to dissect the loss-of-function 
mutants of such candidate genes. I chose several genes from both the gene set unique for 
seed germination and the gene set shared by seed germination and flower development. 
The genetic studies of those genes are currently in progress. 
Previous studies have shown that GA attenuates the repressive function of DELLA 
proteins by triggering their degradation via the proteasome pathway. However, it is not 
known if GA-induced protein degradation is the only pathway for regulating the 
bioactivity of DELLA proteins. Hussain et al. revealed that several S, T and Y amino 
acids are important for the stability of RGL2 proteins in transgenic BY2 cells (Hussain et 
al., 2005). By examining the expression of GA20 oxidase, the marker gene of DELLA-
regulated GA signaling pathway, I further investigated the bioactivity of these stabilized 
 xii
mutant proteins (Hussain et al., 2005). My results suggest that the stabilization and 
bioactivity of RGL2 protein can be uncoupled and protein degradation is not the only 
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Chapter 1 Introduction 
 
1.1 The importance of GA in regulating plant growth and development 
Gibberellins (GAs) are a group of endogenous tetracyclic diterpinoid growth factors that 
are essential for a wide variety of plant developmental processes, including seed 
germination, stem elongation, leaf expansion, trichome development, and flower and fruit 
development (Hooley, 1994). Although more than a hundred of GAs have been identified, 
only a few of them are known to be biologically active. The importance of GA for plant 
growth and development in Arabidopsis has been demonstrated by the fact that severe 
GA deficient-mutant, such as ga1-3 which lacks the important enzyme ent-CDP synthase 
(ent-copalyl diphosphate synthase) for GA biosynthesis (Sun and Kamiya, 1994), is non-
germinating, dwarf and male sterile (Koornneef and van der Veen, 1980; Cheng et al., 
2004).  
GA studies include four aspects: GA biosynthesis, GA perception, GA signaling and GA 
response. In recent years, besides vast progresses made in studying of GA-biosynthesis 
and GA perception (please refer to Chapter 2 for details), a lot of breakthroughs have also 
been made on GA-signaling pathway, such as the discovery of DELLA genes. 
1.2 DELLA genes encode a group of negative regulators in GA-signaling pathway 
In the past decade, many genes responsible for GA perception and GA signaling 
transduction have been identified, including a group of negative regulators encoded by 
DELLA genes (Peng et al., 1997; Silverstone et al., 1998; Richards et al., 2001). DELLA 
proteins (DELLAs) form a subfamily of GRAS family of putative transcription factors 
which appear to be unique to plants (Peng et al., 1999a; Pysh et al., 1999; Richards et al., 
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2000). There are ~30 candidate GRAS ORFs in Arabidopsis genome. The GRAS proteins 
share high homology in their C-terminal regions which contain features with 
characteristics of transcription factors and an SH2-like domain. On the contrary, the N-
terminal regions of GRAS proteins are highly diversified. DELLAs were classified as a 
subfamily because they also share high homology in the N-terminal regions (Lee et al., 
2002).  
 There are five DELLA genes in Arabidopsis: GAI, RGA, RGL1, RGL2 and RGL3 (Figure 
1.1) (Peng et al., 1999a; Richards et al., 2000; Dill and Sun, 2001; Lee et al., 2002; Wen 
and Chang, 2002). The roles of some of DELLAs have been investigated in several 
studies by observing how the loss-of-function mutations of DELLA genes suppress the 
phenotype of GA-deficient mutants. In Arabidopsis, GAI and RGA are coupled to act as 
GA-repressible repressors of stem elongation because the combination of loss-of-function 
of GAI and RGA, gai-t6 and rga-24 completely suppresses the dwarf phenotype conferred 
by the ga1-3 mutation (Peng et al., 1997; Silverstone et al., 1998; Dill and Sun, 2001; 
King et al., 2001). As for floral development, together loss-of-function of RGA, RGL1 
and RGL2 completely suppresses the male sterile phenotype conferred by ga1-3 mutant, 
suggesting that these three genes synergistically repress floral development (Cheng et al., 
2004; Yu et al., 2004; Tyler et al., 2004). These extensive studies revealed the roles of 
DELLA genes in GA-mediated plant growth by genetic approaches. However, these 
studies all focused on the physiological roles of DELLAs. As a group of transcription 




























Figure 1.1 GA promotes plant growth by repressing the function of negative regulators, 
DELLA proteins. GAI and RGA together control stem elongation. RGA, RGL1 and 
RGL2 work synergistically to repress flower development. RGL2 has been demonstrated 
to be related with seed germination, but whether other DELLAs are also involved in seed 




















1.3 The important role of RGL2 in regulating seed germination  
Besides regulating floral initiation, RGL2 has also been proven to encode a key repressor 
of seed germination. Lee et al. found that the germination of RGL2 Ds-insertion knockout 
mutant alleles, rgl2-1, rgl2-5 and rgl2-12, is strongly resistant to paclobutrazol (PAC), 
which can inhibit germination by inhibiting GA biosynthesis. In addition, rgl2-1 and 
rgl2-12 partially suppressed the non-germination phenotype of ga1-3 without affecting 
the stem and floral abnormity. More importantly, the mRNA levels of RGL2 in ga1-3 
seeds were found to be induced by imbibition and down-regulated by GA treatment (Lee 
et al., 2002). Since the interaction between GA-signaling system and environmental 
signals has been an important topic of research in recent years, Lee et al. provides a 
significant discovery for the study of interaction between environmental cues and plant 
development regulation. However, the germination capacity of ga1-3 rgl2-1 double 
mutant seed is not as good as that of the wild type seed, especially in the dark. It remains 
unclear whether other negative regulators of seed germination exist. Since other plant 
development events, like stem elongation and flower development, are regulated by 
different combinations of DELLA genes, it is reasonable to speculate that seed 
germination is also regulated by the combination of RGL2 and other DELLAs. 
Surprisingly, Arrizumi and Steber found that in GA-insensitive sly1 mutant, RGL2 
accumulated at high levels even in seeds with 100% germination rates. However, this 
result does not mean RGL2 is not important in repressing seed germination. It is possible 
that the RGL2 protein is inactivated by after-ripening of sly1 mutant seeds (Arrizumi and 
Steber, 2007). 
1.4 Regulation of seed germination by both internal and external regulators 
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Seed germination incorporates processes that commence with the uptake of water by the 
quiescent dry seed and terminate with the elongation of the embryonic axis (Bewley and 
Black, 1994; Bewley, 1997). Seed dormancy is defined as the failure of an intact viable 
seed to complete germination under favorable conditions (Lang, 1996). The transition of 
a seed from dormancy to germination is controlled by external environmental cues 
(including light, moisture, and transient exposure to cold), and by the internal growth 
regulators gibberellin (GA) and abscisic acid (ABA). ABA establishes and maintains 
dormancy, whereas GA induces germination (Koornneef and Karssen, 1994; McCarty, 
1995; Bewley, 1997; Steber et al., 1998; Peng and Harberd, 2002). The importance of 
GA in promoting germination is well demonstrated by the observation that the GA-
deficient mutant ga1-3 is non-germinating (Koorneef and van der Veen, 1980). 
Furthermore, GA biosynthesis inhibitors like PAC and uniconazol can inhibit 
germination, which proves that newly synthesized GAs are required after imbibition for 
radical emergence (Nambara et al., 1991; Jacobsen and Olszewski, 1993).   
Light is one of the most important external factors that induce seed germination in many 
plant species, including Arabidopsis (reviewed by Casal and Sanchez, 1998). In 
Arabidopsis, light signaling is mediated by a group of phytochromes, from PHYA to 
PHYE. Previous reports have shown that the absence of PHYA, PHYB and PHYE 
reduced the germination capability of Arabidopsis seeds (Shimomura et al., 1994, 1996; 
Hennig et al., 2002), implying that phytochromes positively regulate seed germination. 
Yamaguchi et al. revealed that light induces the de novo biosynthesis of bioactive GA by 
promoting the expression of GA synthesis genes AtGA3ox1 and AtGA3ox2 in imbibing 
seeds. This indicates that light promotes germination, at least in part, by inducing the 
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biosynthesis of internal factor GA (Yamaguchi et al., 1998). However, Lee et al. 
demonstrated that although ga1-3 rgl2-1 double mutant seed is highly deficient in GA-
biosynthesis, it still reacts to light regarding seed germination. This indicates that, besides 
promoting GA biosynthesis, light probably affects seed germination directly through GA-
signaling pathway. Recently, a phytochrome-interacting protein PIL5 has been identified 
as a negative regulator of seed germination in Arabidopsis (Oh et al., 2004).  Oh et al. 
showed that PIL5 might affect GA biosynthesis as well as the transcription of GA 
signaling mediators, RGA and GAI (Oh et al., 2007). 
1.5 GA promotion of plant development via targeting the negative regulators 
DELLAs to degradation via the ubiquitin-proteasome pathway 
Besides the physiological roles of GA signaling in regulating plant growth, the molecular 
mechanism of GA actions has also been intensively studied in recent years (Figure 1.2). 
In brief, the binding of GA to its soluble receptor GIBBERELLIN INSENSITIVE 
DWARF 1 (GID1) or -like (Ueguchi-Tanaka et al., 2005; Hartweck and Olszewski, 2006) 
triggers the degradation of plant growth repressor DELLAs via the 26S proteasome 
pathway (Silverstone et al., 2001; Itoh et al., 2002; Fu et al., 2002; Hussain et al., 2005). 
The degradation process is mediated by GA-specific F-box proteins GID2 (Sasaki et al., 
2003) and SLY1 (McGinnis et al., 2003; Dill et al., 2004; Fu et al., 2004). The 
degradation of DELLAs releases plant from the DELLA-mediated growth restraint 
(Harberd, 2003). It has been shown that the GA-induced degradation of barley SLN1 is 
sensitive to serine/threonine protein phosphatase inhibitors (Fu et al., 2002), but there is 
no evidence to show whether SLN1 is phosphorylated. In rice, the phosphorylated form 
of SLR1 was elevated in a gid2 mutant. Furthermore, the level of phosphorylated form of 
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SLR1 was increased upon GA treatment and GID2 specifically interacted with 
phosphorylated SLR1 (Sasaki et al., 2003; Gomi et al., 2004). However the nature of 
SLR1 phosphorylation and whether phosphorylation of SLN1 is associated with protein 



















Figure 1.2 A model for the GA signaling pathway in Arabidopsis. Left side: Without 
bioactive GA, the SCFSLY1 E3 ubiquitin ligase does not interact with DELLA proteins. 
As a result, DELLA proteins are stable in cells and repress GA responses. Right side: In 
the presence of bioactive GA, GID1 binds GA and the GID1-GA complex probably 
further binds the DELLA proteins. Once the DELLA protein binds to GID1-GA, the SCF 
complex recognizes and ubiquitinates the DELLA protein. Ubiquitinated DELLA 
proteins are degraded by the 26S proteasome, allowing GA responses to occur. (Ariizumi 













1.6 Aims, values and scope of this work 
To investigate whether DELLA genes are involved in the flowing of the light signal to 
GA and to seed germination and to evaluate the roles of each DELLA protein in 
regulation of seed germination, we analyzed the germination capacity of various 
combinations of loss-of-function mutations in ga1-3 background both in the light and 
dark (Cao et al., 2005).  
In order to understand the molecular mechanism of DELLAs repressing plant growth, we 
compared the gene expression pattern in the ga1-3 mutant to that in the plants of no 
DELLA activity in the ga1-3 background and that in the wild type (WT) and obtained the 
gene sets supposed to be DELLA-dependent or DELLA-independent in GA-regulated 
gene regulation. In addition, to study whether DELLAs simply control the expression of a 
similar set of genes to repress seed germination and floral development or whether they 
mobilize different subsets of genes in the genome to modulate these different processes, 
we further compared the DELLA-dependent gene sets in imbibed seed and flower bud 
(Cao et al., 2006). Several candidate DELLA-dependent genes were seleted for further 
study and mutant alleles of them were obtained from TAIR. Genetic studies of those 
genes are in progress. 
Besides the downstream events of DELLA-related GA signaling, we are also interested in 
how GA regulates the stability and activity of DELLAs. Several recent reports revealed 
that phosphorylation of DELLAs is important for the degradation of DELLAs through the 
ubiquitin-proteasome pathway. However, the nature of this phosphorylation and whether 
phosphorylation of DELLAs is associated with protein stability or bioactivity are not 
known. Hussain et al. revealed that several conserved S, T and Y amino acids are 
 11
important for the stability of RGL2 proteins in transgenic BY2 cells (Hussain et al., 2005). 
By examining the expression of GA20ox, the marker gene of DELLA-regulated GA 
signaling pathway, I further investigated the bioactivity of these stabilized mutant 
proteins (Hussain et al., 2005).  
This work will shed some light on the physiological roles of DELLA proteins in 
regulating seed germination. Furthermore, comparison of gene expression patterns in WT, 
ga1-3 and DELLA mutants will provide important clues to the downstream molecular 
mechanism of DELLA-dependent GA-signaling pathways in regulating seed germination 
as well as flower organ development. Finally, it will provide some indication about how 
















Chapter 2 Literature review 
Overview of GA and plant development 
Gibberellin (GA) is an essential plant hormone that controls multiple processes of plant 
development, including seed germination, stem elongation and floral development 
(Richards et al., 2001; Olszewski et al., 2002; Peng and Harberd, 2002; Sun and Gubler, 
2004). The importance of de novo GA biosynthesis for seed germination, stem elongation 
and floral development in Arabidopsis was demonstrated by the fact that severe GA 
deficient-mutant, such as ga1-3 which lacks the important enzyme ent-CDP synthase 
(ent-copalyl diphosphate synthase) for GA biosynthesis, is non-germinating, dwarf, late-
flowering and male sterile, and application of GA can restore all those phenotypes 
(Koornneef and van der Veen, 1980; Wilson et al., 1992; Sun and Kamiya, 1994; Cheng 
et al., 2004). In recent years, significant processes have been made in studying GA 
biosynthesis and signaling pathway by using Arabidopsis and rice as model systems.  
 
2.1 GA Biosynthesis  
2.1.1 Different forms and metabolism of GA in planta 
Gibberellins (GAs) are a large group of tetracyclic ditepenoid compounds that affect a 
wide range of plant development processes and play a key role in regulating plant growth. 
Although over a hundred of forms of GA has been identified in plant kingdom (see 
http://www.hormones.bbsrc.ac.uk), only several of them are known to be bioactive, such 
as GA1, GA3, GA4 and GA7 (Hedden and Phillips, 2000; Olszewski et al., 2002). The 
concentration of bioactive GAs can be regulated by both the rate of synthesis and 
inactivation. 
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In plants, the biosynthesis of GAs can be divided into 3 stages. In the early pathways, 
geranylgenanyl diphosphate (GGPP) is first synthesized by either a mevalonate-
dependent or a nonmevalonate pathway and then converted to ent-kaurene in a 
cyclization reaction catalyzed by ent-copalyl diphosphate synthase (CPS) and ent-
kaurene synthase (KS) (Lange et al., 1998; Hedden and Philips, 2000). In the second 
stage, ent-kaurene is converted to GA12 via stepwise oxidation followed by ring 
contraction catalyzed by ent-kaurene oxidase (KO) and ent-kaurenoic acid oxidase 
(KAO). GA12 can be converted to GA53 by GA 13-oxidase. These two intermediates are 
substrate for the final stage of biosynthesis. They are converted to GA9 and GA20, 
respectively, by GA 20-oxidase.  These two GAs are further converted to bioactive GAs, 
GA4 and GA1, respectively, by GA3-oxidase. The inactivation of GAs is catalyzed by GA 
2-oxidase, which convert bioactive GAs to 2β-hydroxylation form (Olszewski et al., 
2002). 
 
2.1.2 GA biosynthesis in different development stages 
As an essential plant growth regulator, the metabolism of GA is restricted to specific 
tissues during all developmental stages. Localization studies of genes encoding enzymes 
involved in GA biosynthesis and catabolism have been carried out to reveal the sites of 
GA metabolism and the mechanism of GA metabolism regulation. GC-MS (Gas 
Chromatograph - Mass Spectrometer) has also been utilized to detect the contents of 
precursor, active, and deactivated GAs in certain plant tissues (Hedden and Philips, 2000; 
Olszewski et al., 2002). 
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During seed germination, GA stimulates embryo growth and/or releases radicle 
protrusion from the restriction of endosperm and testa (Groot and Karssen, 1987; 
Debeaujon and Koornneef, 2000). In Arabidopsis germinating seeds, GA biosynthesis 
genes AtKO1, AtGA3ox1, and AtGA3ox2 were detected to express in the cortex and 
endodermis of embryo axes (Yamaguchi et al., 2001). Meanwhile, an increase in GA4 
levels was also observed in germinating seeds when radicle protrusion initiated (Ogawa 
et al., 2002). In the vegetative tissues, bioactive GAs or GA synthesis is present mainly in 
rapidly developing tissues, such as the root tips, expanding leaves and petioles near 
elongating internodes (Chung and Coolbaugh, 1986; Choi et al., 1995; Aach et al., 1997). 
In flower development, the activity of AtCPS was observed in anther sac walls and pollen 
in Arabidopsis (Silverstone et al., 1997); in tobacco and rice, the transcription of GA3ox 
was detected in the pollen and tapetum (Itoh et al., 2001). 
 
2.1.3 External regulation of GA biosynthesis and catabolism by environmental cues 
Different environmental conditions such as light quality, photoperiod, humidity and low 
temperature affect not only plant growth and development but also the internal 
environment of plant, for example, GA biosynthesis and catabolism (Hedden and Philips, 
2000; Olszewski et al., 2002). 
It is well-known that Arabidopsis seeds germinate poorly in the darkness, suggesting that 
light can mobilize a pathway to promote seed germination (Hennig et al., 2002). GA can 
substitute light to promote seed germination in the dark, indicating that light probably 
promotes seed germination at least in part through GA signaling pathway (Hilhorst and 
Karssen, 1988). Recent studies indicated that light might promote GA biosynthesis by 
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inducing 3β-hydroxylation of GA because expression levels of AtGA3ox1 and AtGA3ox2 
in imbibed Arabidopsis seed was elevated by a red light treatment (Derkx et al., 1994; 
Yamaguchi et al., 1998). 
Although it has long been known that temperature is an important cue controlling seed 
germination (Bewley and Black, 1982), the molecular mechanism behind this 
phenomenon is unclear. Examination of GA contents in Arabidopsis seeds revealed that 
bioactive GAs were more abundant in cold treated seeds than non-cold-treated seeds 
(Derkx et al., 1994). Yamauchi et al. found that the expression levels of AtGA20ox1，
AtGA20ox2 and AtGA3ox1 were up regulated by low temperature (Yamauchi et al., 2004). 
 
2.1.4 Regulation of GA biosynthesis by other hormone 
Recent studies have indicated that other hormones might regulate GA biosynthesis genes. 
Brassinosteroid (BR) probably plays a positive role in modulating GA biosynthesis 
(Olszewski et al., 2002). The expression levels of GA20ox1 are reduced in mutants that 
are defective in brassinosteroid (BR) biosynthesis (cpd) or impaired in BR response 
(bri1-201) , and exogenous BR treatment could up-regulate GA20ox1 expression 
(Bouquin et al., 2001). As for auxin, the exogenous 4-chloro-indole-3-acectic acid (3-Cl-
IAA) applied to deseeded pea ovaries increases GA20ox expression (van Huizen et al., 
1997). In addition, the expression of PsGA3ox1 in stem internodes requires the indole-3-
acetic acids (IAA) from the shoot apex, whereas GA2ox expression is reduced by IAA 
(Ross et al., 2000). These studies indicated that GA biosynthesis is probably up-regulated 
by BR and IAA. These interactions might form part of a broad homeostatic mechanism 
that coordinates and moderates plant growth (Hedden and Phillips, 2000). 
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2.1.5 Feedback and feedforward regulation of GA homeostasis  
GA regulates its own biosynthesis via negative feedback regulation on the expression of 
genes encoding enzymes involved in the later steps of GA biosynthesis, such as GA20ox 
and GA3ox genes (Hedden and Kamiya, 1997; Hedden and Phillips, 2000; Olszewski et 
al., 2002). Mutant plants which are deficient in early steps of GA biosynthesis contain 
reduced bioactive GAs as well as elevated levels of transcripts for GA20ox and GA3ox 
genes (Chiang et al., 1995; Philips et al., 1995; Martin et al., 1996; Martin et al., 1997; 
Yamaguchi et al., 1998; Cowling et al., 1998; Xu et al., 1999; Carrera et al., 1999; Ross 
et al., 1999). Similarly, gain-of-function mutations in the negative regulators of GA 
pathway (e.g., maize d8 and Arabidopsis gai) often result in higher levels of bioactive 
GAs and/or up-regulation of GA20ox and GA3ox gene expression (Talόn et al., 1990; Xu 
et al., 1995; Cowling et al., 1998). Conversely, application of bioactive GA to plants 
depresses the expression of GA-biosynthesis genes (Xu et al., 1999; Cowing et al., 1998). 
Loss-of-function mutations in the negative regulators of GA pathway (e.g. barley sln and 
Arabidopsis gai-t6) cause reduced contents of bioactive GA and/or lower expression 
levels of GA-biosynthesis genes (Dill and Sun, 2001). 
On the other hand, the expression of GA2ox genes, which encodes GA 2-oxidase 
involved in GA deactivation, is down-regulated in GA-deficient mutants (Thomas et al., 
1999; Elliott et al., 2001). 




2.2 GA signaling components 
2.2.1 GA-response mutants 
In recent years many genes responsible for GA signaling or GA perception were found 
because the mutations of these genes cause phenotypes mimic GA-deficient or GA-
overdose phenotypes (Richards et al., 2001; Olszewski et al., 2002; Sun and Gubler, 
2004). GA response genes can be divided into two categories, positive regulators and 
negative regulators.  
  
2.2.2 Positive regulators of GA signaling 
2.2.2.1 Soluble GA receptor GID1 
Recessive GA-insensitive dwarf mutants of rice, gibberellin-insensitive dwarf1 (gid1), 
were identified as their phenotypes mimicking GA-deficient rice. gid1 mutants exhibit a 
dwarf phenotype with wide, dark-green leaf blades and do not develop fertile flower 
(Ueguchi-Tanaka et al., 2005). Typical GA-responses such as elongation of second leaf 
sheath and induction of α-amylase activity in seeds do not occur upon treatment of GA. 
The expression levels of GA20ox increase in gid1. In addition, the negative feedback 
regulation of GA20ox by GA3 treatment is also not effective. The negative regulator 
SLR1, the only DELLA protein in rice, is epistatic to GID1 and is not degraded in the 
gid1 mutant (Ueguchi-Tanaka et al., 2005). Positional cloning of GID1 found that it 
encodes an unknown protein with similarity to hormone-sensitive lipases. Biochemistry 
studies showed that GID1 specifically bind to bioactive GAs but not inactive GAs. Yeast 
two-hybrid assay indicated that GID1 interactes with SLR1 in a GA-dependent manner. 
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In addition, over-expression of GID1 in rice resulted in GA-hypersensitive phenotype.  In 
conclusion, GID1 might be a soluble GA receptor. 
Database search identified three GID1 homologues in Aarabidopsis and all of them have 
recently been shown to bind GAs (Nakajima et al., 2006, Griffins, 2006). 
 
2.2.2.2 F-box proteins essential for GA signaling pathway 
SCF complex is a class of ubiquitin E3 ligase. Recently, SCF-mediated proteolysis via 
26S proteasome has been shown to regulate many developmental processes in plants, 
such as floral development, light-receptor signaling and hormone signaling (Callis and 
Vierstra, 2000; Hellmann and Estelle, 2002; Hare et al., 2003; Vierstra, 2003). F-box 
proteins which are a subunit of SCF complex are responsible for recruiting specific target 
proteins to the SCF E3 complex for ubiquitination and subsequent degradation via 26s 
proteasome pathway.  
GID2 (GIBBERELLINE-INSENSITIVE DWARF 2) (Sasaki et al., 2003) in rice and 
SLY1 (SLEEPY1) (McGinnis et al., 2003; Dill et al., 2004; Fu et al., 2004) in 
Arabidopsis are such kind of F-box proteins that are specific to GA signaling and mediate 
the degradation of negative regulators DELLA proteins (see the Section 2.2.4 for detail). 
Loss-of-function of GID2 and SLY1 leads to GA-deficient phenotype which can not be 
suppressed by exogenous GA. In addition, DELLA proteins accumulated to high levels in 
these mutant plants (Sasaki et al., 2003; McGinnis et al., 2003; Dill et al., 2004; Fu et al., 
2004).  
   
2.2.2.3 GTP-binding proteins 
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The rice DWARF1 (D1) gene encodes a protein displaying high homology with α-subunit 
of heterotrimeric G-proteins (Gα). dwarf1 mutants of rice show a dwarf phenotype which 
is very similar to GA-deficient mutant except that dwarf1 is insensitive to exogenous GA 
(Mitsunaga et al., 1994; Ashikari et al., 1999; Fujusawa et al., 1999; Ueguchi-Tanaka et 
al., 2000). In addition, GA-induced expression of α-amylase is also absent in dwarf1 
mutant. However, unlike GA-deficient mutant, dwarf1 can grow and produce fertile 
flower, suggesting that Gα is not essential for GA signaling. 
In Arabidopsis, Gα is encoded by GPA1. The null mutant gpa1 is less responsive to GA 
in seed germination but show a normal plant height which is different from rice dwarf1 
(Ullah et al., 2001; Wang et al., 2001).  
 
2.2.2.4 PICKLE (PKL) 
PKL encodes a putative CHD3 chromatin-remodeling factor (Ogas et al., 1999). pkl 
mutants show a semidwarf phenotype similar with other GA-response mutants (Ogas et 
al., 1997). However, pkl has a unique embryonic root phenotype which has not been 
found in other GA mutants (Ogas et al., 1997). The root phenotype is largely affected by 
GA signaling. Treatment with GA-biosynthesis inhibitor increases the penetrance of this 
phenotype, whereas applications of GA have an opposite effect.  The role of PKL in GA 
signaling pathway is still unknown. 
  
2.2.2.5 PHOTOPERIOD RESPONSIVE 1 (PHOR1) 
PHOR1 was identified as a gene whose expression level increased in potato leaves 
growing under short-day conditions (Amador et al., 2001). GA treatment promoted 
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nuclear localization of a PHOR1-GFP fusion protein in tobacco BY2 cells, and 
application of GA-biosynthesis inhibitor resulted in localization of the fusion protein in 
the cytosol. Furthermore, antisense inhibition of PHOR1 expression in transgenic potato 
resulted in phenotypes resembling GA-response mutant, whereas overexpression of 
PHOR1 caused an overgrowth phenotype resembling GA-overdose (Amador et al., 2001). 
PHOR1 contains seven armadillo repeats, which also appear in armadillo and β-catenin 
proteins involved in Wnt signaling in Drosophila and vertebrates (Dale, 1998; Willert 
and Nusse, 1998). These data indicate that GA may stimulate the expression of a certain 
group of genes through regulating the localization of PHOR1 protein. 
 
2.2.2.6 MYB transcription factors 
The R2R3-MYB gene family is one of the most abundant groups of transcription factors in 
plants (Stracke et al., 2001). One MYB gene from barley, HvGAMYB, has been reported 
to be related with GA signaling pathway in the aleurone (Gubler et al., 1995). The 
expression of GAMYB is GA-inducible and is able to activate α-amylase. In Arabidopsis, 
three GAMYB-like genes, MYB33, MYB65 and MYB101, were identified by sequence 
similarity (Gocal et al., 2001).  MYB33 might be involved in the induction of flowering 
by GA. The expression of MYB33 is induced by GA in the shoot apex during the 
induction of flowering. In addition, MYB33 binds to the promoter of the floral meristem 
gene LEAFY (LFY) which has been reported to be induced by GA (Blázquez and Weigel, 
2000). These data indicated that GA might promote flower development by stimulating 
the expression of LFY through the function of MYB33. Genetic studies showed that 
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myb33myb65 double mutant displayed a conditional male sterile phenotype, suggesting 
GAMYBs are important for flower development.  
Another Arabidopsis MYB gene, GLABROUS1 (GL1, AtMYB0), which functions in the 
development of trichomes, may also be GA regulated (Perazza et al., 1998). In ga1 
mutant, the plant has fewer trichomes and lower levels of GL1 mRNA, whereas GA 
treatment enhances both trichomes number and the expression levels of a reporter gene 
driven by GL1 promoter (Chien and Sussex, 1996; Telfer et al., 1997; Perazza et al., 
1998).  
 
2.2.3 Negative regulators of GA signaling 
2.2.3.1 DELLA genes 
Among all the negative regulators of GA-signaling pathway, DELLA genes are the best-
studied ones. The first DELLA gene identified in Arabidopsis is GAI. 
 
2.2.3.1.1 Two categories of mutations of GAI gene 
The dominant gai mutant plants show a semidwarf phenotype resembling GA-
biosynthesis mutant (Koornneef et al., 1985). However, the mutant phenotype is due to 
reduced response to GA instead of deficiency of GA-biosynthesis (Koornneef et al., 1985; 
Peng et al., 1997). In fact in gai mutant the GA levels are elevated which suggests that 
this mutation affects negative feedback regulation of GA-biosynthesis. The mutant gai 
allele contains a 51-base pair deletion, resulting in the loss of a segment of 17-amino acid 
residues from the “N” region, which is unique for DELLA genes (Peng et al., 1997). 
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 Interestingly, loss-of-function alleles of GAI (e.g., gai-t6) confer an opposite phenotype. 
While gai-t6 and other loss-of-function alleles of GAI are recessive and present a 
phenotype resembling wild type, they are partially resistant to GA biosynthesis inhibitor 
paclobutrazol (PAC). These two aspects of evidences suggest that GAI may be a GA-
derepressible repressor of plant growth. The altered structure of the gai mutant protein 
might be less affected by GA. As a result the growth of gai plants is constitutively 
repressed. On the other hand, the repressor function of GAI is lost in gai-t6 mutant, so the 
growth of gai-t6 plants is less dependent of GA.  
 
2.2.3.1.2 GAI and RGA together control stem elongation 
The Arabidopsis RGA (for repressor of ga1-3) gene has been firstly identified by the 
mutant phenotype partially suppressing ga1-3 (Silverstone et al., 1997). The recessive 
rga mutations partially restore the stem elongation of ga1-3 mutant without affecting the 
endogenous GA levels. This suggested that plants with defective RGA required less GA 
for growth than do normal plants and indicated that RGA might be a negative regulator of 
GA signal transduction. 
Later RGA was found to be a homologue of GAI. Taken together with the similar 
phenotypes of loss-of-function mutations of GAI and RGA, these data indicate that GAI 
and RGA may play similar roles in GA signaling. Indeed, further studies revealed that the 
combination of loss-of-function of GAI and RGA, gai-t6 and rga-24 completely 
suppressed the dwarfing phenotype conferred by the ga1-3 mutation (Dill and Sun, 2001; 
King et al., 2001). This result demonstrates that GAI and RGA together control stem 
elongation.  
 23
Sequence alignment shows that GAI and RGA belong to the previously mentioned 
DELLA subfamily of GRAS family which encodes a group of putative transcription 
factors appear to be unique to plants. The GRAS proteins share high homology in their C-
termini, containing features with characteristic of transcription factors and an SH2-like 
domain, whereas their N-termini of GRAS proteins are highly diversified. DELLA 
proteins are classified as a subfamily because they also share high homology in the N-
termini. Sequence alignment identified the other three DELLA genes in Arabidopsis 
genome, RGL1, RGL2 and RGL3 (Dill and Sun 2001). The RGL1, RGL2 and RGL3 
proteins share high homology to GAI and RGA including their N-termini. This indicates 
that they are also GA-response regulators (Pysh et al., 1999; Lee et al., 2002; Tian et al., 
2004). 
 
2.2.3.1.3 RGL2 is a key factor in GA-regulated seed germination 
Lee et al. identified three loss-of-function alleles of RGL2. Phenotypic study showed that 
seed germination of rgl2 mutants was strongly resistant to the effects of PAC. In addition, 
rgl2 mutation partially suppressed the non-germination phenotype of ga1-3 without 
affecting the stem and floral abnormity. These results indicated that as GAI and RGA act 
as negative regulators of stem elongation, RGL2 specifically play a negative role in GA-
regulated seed germination (Lee et al., 2002). 
 
2.2.3.1.4 GA regulates floral development by suppressing the function of RGL1, 
RGL2 and RGA   
 24
Previous works have indicated that GA regulates floral development. In GA-deficient 
ga1-3 mutant, all floral organs are properly initiated and develop normally until arrive 
around floral stage 10. The ultimate stamens and pistils of ga1-3 flower buds are shorter 
than the mature stamens and pistils of the wild-type flowers. Detailed analysis shows that 
the reduced cell length, rather than cell number leads to the reduction in the length of 
ga1-3 stamen filament. In addition, ga1-3 plants fail to produce mature pollen because 
the microsporogenesis is arrested before pollen mitosis. Genetic analysis showed that 
absence of three DELLA proteins, RGL1, RGL2 and RGA, led to suppression of ga1-3 
floral phenotype, which suggested that these three genes synergistically regulated floral 
development (Cheng et al., 2004; Yu et al., 2004; Tyler et al., 2004). However, this 
quadruple mutant is still semi-dwarf because the existence of GAI. Further knockout of 
GAI led to GA-independent plant growth (Cheng et al., 2004).  
 
2.2.3.1.5 “Green Revolution” genes 
DELLA genes have also been identified in many other plant species, including Rht1 in 
wheat, d8 in maize, SLR1 in rice, SLN1 in barley and VvGAI in grape (Boss et al., 2002; 
Olszewski et al., 2002). Mutations in the N-terminal conserved regions in these genes all 
lead to semi-dorminant dwarf phenotype. World wheat grain yields increased 
dramatically in the 1960s and 1970s because of introduction of two Rht1 alleles into 
cereal crops (Conway G, 1997). The new varieties were shorter, increased grain yield, 
and were more resistant to wind damage. Adoption of these new varieties was termed as 
“Green Revolution” and the Rht1 gene which contributed to cereal crop yields increasing 
was also named “Green Revolution” genes (Peng et al., 1999a).  
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2.2.3.2 SPINDLY (SPY)    
SPINDLY (SPY) is the first GA signaling component that has been cloned (Jacobsen and 
Olszewski, 1993). Recessive spy mutant alleles were first isolated by PAC resistant seed 
germination (Jacobsen and Olszewski, 1993). Later other spy alleles were also identified 
as suppressors of ga1-3 and the GA-insensitive mutant gai (Silverstone et al., 1997; 
Wilson and Somerville, 1995). spy mutant plants show a GA-overdose phenotype, 
whereas over-expression of SPY caused phenotypes with consistently reduced GA 
activity (Swain et al., 2001; Izhaki et al., 2001). These results strongly indicate that SPY 
is a negative regulator of GA signaling pathway.  
The SPY protein has 10 tetratricopeptide repeats (TPRs) in its N-terminal half which are 
probably responsible for protein-protein interaction (Lamb et al., 1995; Das et al., 1998; 
Blatch and Lassle, 1999; Tseng et al., 2001; Izhaki et al., 2001) and shares high similarity 
in its C-terminal half with animal UDP-GlcNAc protein transferase (OGT) (Roos and 
Hanover, 2000). SPY has been demonstrated to have OGT activity in vitro (Thornton et 
al., 1999). As O-GlcNAc modification is one of the strategies that regulate protein 
activity, RGA/GAI proteins have been proposed to be the targets of SPY because spy 
mutant alleles are epistatic to gai mutant (Carol et al., 1995; Jacobsen et al., 1996; Peng 
et al., 1999b).                                                                                                                                              
 
2.2.3.3 SHORT INTERNODES (SHI) 
SHORT INTERNODES (SHI) is another negative regulator of GA response pathway 
which was identified by GA insensitive dwarf phenotype caused by a mutant allele 
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overexpressed the SHI protein (Friborg et al., 1999). SHI protein contains a RING finger-
class zinc finger motif, which indicates that it may play a potential role in protein-protein 
interaction involved in ubiquitin-mediated proteolysis. Although the loss-of-function shi 
alleles cause no obvious phenotype, transient expression of SHI in barley aleurone cells 
does inhibit GA induction of α-amylase. SHI belongs to a gene family containing nine 
members, which may explain why loss-of-function of SHI causes no phenotype (Friborg 
et al., 2001).   
 
2.2.4 Inhibitor of an inhibitor: GA de-repress plant development by targeting 
DELLA to degradation via the ubiquitin-proteasome pathway 
As mentioned before, DELLA proteins are a group of negative regulators of plant growth. 
GA promotes plant growth by relieving plants from DELLA-mediated growth restraints 
(See Section 2.2.3.1). Previous studies have revealed that DELLA proteins localize in the 
nucleus of plant cells and disappear after GA treatment (Silverstone et al., 2001; Itoh et 
al., 2002). This process requires both protein phosphorylation and 26S proteasome, which 
indicates that DELLA proteins are probably degraded through ubiquitous pathway (Fu et 
al., 2002).   
 
2.2.4.1 Structure of DELLA proteins and their degradation 
The semi-dominant mutant gai contains a deletion of 17 amino acids spanning the 
DELLA motif, which results in a GA-insensitive dwarf phenotype. Similarly, all the 
semidwarf wheat cultivars contribute to the Green Revolution with increased grain yield 
contain deletions in the DELLA domain of wheat DELLA protein, Rht1. Studies in 
 27
Arabidopsis, barley, maize and grape also showed that mutations in DELLA motif 
(region I) or HYNP motif (Region II) confer a GA-insensitive dwarf phenotype. These 
evidences strongly support that the DELLA domain is important for GA response (Peng 
et al., 1997, 1999a; Silverstone et al., 1998; Ogawa et al., 2000; Boss et al., 2002; Ikeda 
et al., 2001; Chandler et al., 2002; Gubler et al., 2002). 
Although GA causes slightly increased RGA mRNA level in Arabidopsis, immunoblot 
analysis and microscopic observation demonstrate that protein levels of RGA and GFP-
RGA are dramatically reduced upon GA treatment. Similar results have been obtained in 
rice and barley. However deletion of DELLA domain in RGA actually prevents this 
protein degradation. Immunoblot and microscopic observations presented that the 
DELLA-deleted mutant protein rga-Δ17 and GFP-(rga-Δ17) were resistant to GA 
treatment. This resistance to GA-induced degradation caused by mutations occurred in 
DELLA motif was also found in SLR1 and SLN1 when DELLA motif was mutated (Itoh 
et al., 2002; Gubler et al., 2002).                                                                                                                
These results explained why gai mutant showed a constitutively GA repression 
phenotype which could not be suppressed by GA treatment.    
Later studies revealed the function of other motifs in SLR1 by overexpressing mutated 
slr1 proteins with various deletions in transgenic rice (Itoh et al., 2002). The second 
highly conserved motif, VHYNP, in N-ter of SLR1 was confirmed to be responsible for 
GA-response. The poly S/T motif might regulate SLR1 activities. The LHR domain is 
essential for SLR1 dimerization. The C-ter of SLR1 was also necessary for GA-induced 
degradation (Figure 2.1). 
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2.2.4.2 Degradation of DELLA proteins via the ubiquitin-proteasome pathway 
As mentioned before, rice GID2 gene, which encodes an F-box protein, is a positive 
regulator of GA signaling responsible for DELLA protein degradation (Sasaki et al., 
2003). SLR1 might be the target of GID2 because it was accumulated to a high level in 
gid2 mutant. slr1 mutant allele suppressed the dwarf phenotype of gid2, which indicated 
that SLR1 was downstream of GID2. Yeast-two-hybrid experiment showed that GID2 
interact with OsSkp2, one of the Skp homologs in rice. Immunoprecipitation and 
immunoblotting detected polyubiquitinated SLR1 in protein extraction from wild-type 
rice pretreated with a proteasome inhibitor MG132. Furthermore, treatment of GA 
increased the level of polyubiquitinated SLR1. All of the above demonstrated that 
proteolysis of SLR1 was probably targeted by SCFGID2, and this process is guided by GA-
signaling. SLY1 (SLEEPY1) was an ortholog of GID2 in Arabidopsis, and similar results 
have been obtained by study of SLY1 gene (McGinnis et al., 2003). 
 
2.2.4.3 Posttranslational modification and degradation 
It has been shown that the GA-induced degradation of barley SLN1 is sensitive to 
serine/threonine protein phosphatase inhibitors (Fu et al., 2002), but there is no evidence 
to show whether SLN1 is phosphorylated. In rice, the phosphorylated form of SLR1 was 
elevated in a gid2 mutant. Furthermore, the level of phosphorylated form of SLR1 was 
increased upon GA treatment and GID2 specifically interacted with phosphorylated 
SLR1 (Sasaki et al., 2003; Gomi et al., 2004). However the nature of SLR1 
phosphorylation and whether phosphorylation of SLN1 is associated with protein stability 
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Figure 2.1 Structure of DELLA proteins. The N-terminal (light-blue box) “DELLA 
domain” contains two highly conserved motifs (named DELLA and VHYNP, also 
mentioned as I and II regions, respectively, in the text) and a Poly S/T region. The C-
terminal region (white box) is conserved among all GRAS family members. Poly S/T, 
polymeric Ser and Thr; LHR, Leu heptad repeat; NLS, nuclear localization signal (Sun 




















2.3 GA signaling and seed germination 
2.3.1   Seed germination and dormancy 
Seed is a propagating organ which usually contains a fully developed plant embryo. As a 
dispersal unit, seed must be equipped as a self-sufficient, autotrophic organism. To 
accomplish the mission of establishing an independent plant, the seed should choose an 
appropriate environment to germinate. Dormancy is the mechanism which allows seed to 
optimize the distribution of germination over time (Bewley, 1997).  
 
2.3.1.1 Dormancy 
By definition, seed dormancy is the failure of an intact viable seed to complete 
germination under favorable conditions (Bewley, 1997). Seed dormancy established in 
the last stage of seed development is named as primary dormancy, whereas 
environmental conditions do not favor germination may result in secondary dormancy.  
  
2.3.1.2 Seed germination 
The process of imbibition can be divided into three phases, initiated with a rapid uptake 
of water (phase I), followed by a plateau phase (phase II) and a further increase of water 
intake (phase III) occurs only when the embryonic axes elongate which marks the 
complete of germination. The dormant seeds never enter phase III (Bewley, 1997) 
(Figure 2.2).   Reintroduction of water during imbibition allows the quiescent dry seeds to 
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resume metabolic activities. Respiratory activities and protein synthesis commences at 
the beginning of phase I. Proteins are first synthesized from extant mRNAs and then from 
new mRNAs. The radical elongation is facilitated by the cell wall loosening factors. At 
the same time, seed tissues surrounding the radical tip might also be weakened by cell 
wall hydrolases. As a result, the radical protrudes the seed testa and indicates completion 
of germination. 
 
2.3.1.3 Factors affect seed germination and dormancy  
The balance between seed dormancy and germination is regulated by complex 
interactions between environmental and inherent factors. In nature, the breaking of 
dormancy for many species is induced by several environmental factors, such as after-
ripening, light, cold treatment and smoke (reviewed by Gubler et al., 2005). Endogenous 
factors regulating dormancy and germination include several hormones. Ethylene, GA, 
and BR promote the germination of dormant seeds, whereas ABA is the primary mediator 
of seed dormancy (Koornneef et al., 2002; Gubler et al., 2005). 
 
2.3.2 GA signaling pathway plays a key role in regulating seed germination in 
Arabidopsis 
It has long been known that GA and ABA regulate the transition of seed dormancy and 
germination antagonistically: GA induces seed germination; whereas ABA establishes 
and maintains dormancy (Bewley, 1997; Koornneef et al., 2002).  The GA-deficient 
mutant ga1-3 is non-germinating, demonstrating the importance of GA in promoting seed 
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Figure 2.2 Three stages of imbibition. The first two stages belong to germination and 






















Recent publications have reported that GA may regulate seed germination of Arabidopsis 
through DELLA proteins (Wen and Chang, 2002; Lee et al., 2002; Tyler et al., 2004).  
Wen and Chang constructed a transgenic line rgl1Δ17-R in which the expression of RGL1 
is almost eliminated. They found that the reduced expression of RGL1 likely confers 
resistance to the GA-biosynthesis inhibitor PAC in the process of seed germination and 
stem elongation. The authors deduced that RGL1 not only plays a redundant role with 
GAI/RGA in repressing stem elongation, but also plays a distinctive role in seed 
germination (Wen and Chang, 2002). Lee et al. isolated three null alleles of RGL2. By 
comparing the extent to which PAC resistance is conferred by the rgl2 alleles and by 
loss-of-function alleles of GAI, RGA and RGL1, they revealed that only rgl2 alleles 
presented strong resistance to PAC in the process of germination, whereas rgl1-1, gai-t6 
and rga-t2 did not. Furthermore, loss-of-function of RGL2 also restored the germination 
to ga1-3 seed without affecting the stem elongation (Lee et al., 2002). These observations 
indicate that RGL1 and RGL2 may play as negative regulators of GA-response 
specifically controlling seed germination. 
In addition, Lee et al. reported that RGL2 transcript levels increase rapidly following 
imbibition and decrease rapidly as germination proceeds, indicating the expression of 
RGL2 is dynamically regulated.  Comparatively, RGL2 expression was also induced in 
imbibed ga1-3 seeds, but remained at high level and did not decrease as in wild type until 
applying of exogenous GA. The authors assumed that GA might counteract RGL2-
mediated depression of seed germination by down-regulating the transcription levels of 
RGL2.  
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Later Tyler et al. confirmed the key role of RGL2 in repressing seed germination. They 
also revealed that RGL2 protein in imbibed seeds is rapidly degraded by GA treatment. 
This indicated RGL2 expression is modulated not only at transcript level (Tyler et al., 
2004). 
However, the ga1-3rgl2 seed does not germinate as well as wild type, which indicates 
that other factors besides RGL2 may also act in GA-mediated seed germination. The 
other four DELLAs in Arabidopsis such as GAI and RGA could be good candidates since 



















Chapter 3 General materials and methods 
 
3.1 Plant materials and growth conditions 
Arabidopsis thaliana Landsberg erecta was used as the WT control. All mutants 
described here were derived from Landsberg erecta(La-er). Single mutant (gai-t6 and 
ga1-3), double mutant ga1-3 gai-t6 lines were obtained as described previously (Peng et 
al., 1997; King et al., 2001). Three Ds-insertion lines (rgl1-1, rgl2-1, and rga-t2) were 
obtained from a previously described Ds-tagging population (Sundaresan et al. 1995; 
Parinov et al. 1999). Double mutants (ga1-3 rgl2-1, ga1-3 rgl1-1, and ga1-3 rga-t2) were 
obtained from crosses between the relevant single mutants and ga1-3. The triple mutants 
(ga1-3 gai-t6 rga-t2, ga1-3 gai-t6 rgl1-1, ga1-3 gai-t6 rgl2-1, ga1-3 rga-t2 rgl1-1, ga1-3 
rga-t2 rgl2-1 and ga1-3 rgl1-1 rgl2-1), quadruple mutants (ga1-3 gai-t6 rga-t2 rgl1-1, 
ga1-3 gai-t6 rga-t2 rgl2-1, ga1-3 gai-t6 rgl1-1 rgl2-1 and ga1-3 rga-t2 rgl1-1 rgl2-1) and 
penta mutant (ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1) were obtained from cross-pollination as 
described previously (Lee et al., 2002; Cheng et al., 2004).  
For plants grown in soil, seeds were allowed to imbibe on water-moistened filter paper at 
4°C for 4-7d (to break dormancy), and then planted on Florobella potting compost. The 
plants were then grown in a growth room (16h light/8h darkness photoperiod, 20-23°C).  
The ga1-3 mutant does not germinate unless supplied with exogenous GA. Thus, for the 
lines containing the ga1-3 mutation, seeds were imbibed in the same way as described 
above, but on filter paper wetted with a 10-4 M solution of GA3 (Sigma, St. Louis). 
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3.2 Genotyping of mutant lines 
Allele-specific primers were designed to identify the mutant lines. Locations of Ds-
insertion and primers used for genotyping are presented in Figure 3.1. The sequences of 
primers are presented in Table 3.1.  All the mutant alleles were verified using PCR 
reactions with primers described above. The PCR reactions were done using Taq DNA 
Polymerase (Roche Applied Science, Mannheim, Germany). 
Genotyping of SALK lines was performed according to the protocol provided by TAIR 
(www.arabidopsis.org). All the primers were designed by TAIR on-line tools. The primer 
sequences are shown in Table 3.8.   
 
3.3 Germination assays 
Seeds of different genotypes were grown in the same plant growth room (16h light/ 8h 
darkness) and harvested at nearly the same time and stored in the dry cabinet (~30% 
moisture level) for various period before being used in this study (as specified in the text 
or figure legend). For the germination test in the light, seeds were placed on filter papers 
soaked either in sterile water or 10-4M GA3 solution, then chilled in the light at 4˚C for 0d, 
1d or 4d (as specified in the text or figure legend) before allowed to germinate at 20-23˚C 
for 84h with a 16h light / 8h darkness photoperiod. For the germination test in darkness, 
seeds were treated in the same way as in the light except that the petri dishes were 
immediately wrapped with four layers of aluminum foil after seeds were placed onto 











Figure 3.1  




















Figure 3.1 Schematic diagram showing the Ds-insertion sites in the gai-t6, rga-t2, 
rgl1-1 and rgl2-1, and the primers used for genotyping (thin line, noncoding region; 
filled thick line, coding region; inverted triangle, Ds insertion). Numbers represent the 
site of insertion in the gene ORF (in nucleotides, the A of the start ATG = 1). The primer 




















3.4 Scanning electron microscope (SEM) 
For scanning electron microscopy, the seed coats of freshly harvested seeds was removed 
using stainless steel needles and the embryos was attached to a mounting plate, plunged 
into liquid nitrogen, quickly transferred to a specimen chamber and scanned at 10 KV or 
20 KV(JSM-5310LV, JEOL, Japan). 
 
3.5 Chemical solutions and growth media 
TAE: 40mM Tris-acetate, 20mM sodium acetate, 1mM EDTA, pH 8.2 
TE: 10mM Tris-HCl, 1mM EDTA, pH 8.0 
LB medium: 1% Bacto-tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0 
DNA extraction buffer: 0.2M Tris-HCl, 0.25M NaCl, 0.25M EDTA, 0.5% SDS, pH 7.4 
20 x SSC: 3M NaCl, 0.3M Trisodium citrate 
SOB medium: 2% Bacto-tryptone, 0.5% yeast extract, 10mM NaCl, 2.5mM KCl, MgCl2, 
10mM MgSO4, pH 7.0 
TB buffer: 250 mM KCl, 15 mM CaCl2, 10 mM PIPES, pH 6.7  
10 x MOPS buffer: 0.5M MOPS, 0.01 M EDTA, pH 7.0 
Methylene blue staining solution: 0.04% methylene blue, 0.5M sodium acetate, pH5.2 
 
3.6 General methods for gene cloning 
3.6.1 Polymerase chain reaction (PCR) 
PCR reaction was carried out in 0.2ml PCR tube in a total volume of 50μl as follow: 1x 
reaction buffer, 0.2mM each dNTP, 0.4 μM of each primer, 0.1 μg template DNA and 
1.25 Units of Taq (Roche Applied Science, Mannheim, Germany). Amplification was 
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carried out in a Programmable Thermal Controller (Model PTC-100, MJ Research) using 
the following program: 94˚C for 3 min; followed by 94˚C for 45 seconds, 50-55˚C 
(depending on the TM of primers) for 45 seconds, 72˚C for various time (depending on 
the length of amplified DNA fragments) for 35 cycles; 72˚C for 10 min. PCR products 
were separated by electrophoresis on 1.0 % agarose gel and purified as described in 
Section 3.6.2. 
 
3.6.2 Purification of DNA from agarose gel 
DNA bands were excised from agarose gel under long wavelength UV light and the DNA 
fragments were purified through Qiagen Gel Extraction Kit as described by the 
manufacturer (QIAgen, Valencia, CA, USA). 
 
3.6.3 Isolation of plasmid DNA from E.coli 
Frozen glycerol stock of bacteria was streaked on LB plate with appropriate antibiotics 
(ampicillin 100 μg/ml or kanamycin 50 μg/ml), and grown overnight at 37˚C. Liquid 
cultures were set up by inoculating single colony to LB medium containing appropriate 
antibiotic and incubating at 37˚C with vigorous shaking. Minipreparation of plasmid 
DNA was carried out using the Qiagen Miniprep Kit following the protocol provided by 
the manufacturer. 
 
3.6.4 Ligation of DNA fragments into plasmid vectors 
Fifty ng of pGEM®-T or pGEM®-T Easy vector was mixed with the PCR or RT-PCR 
products without any treatment at a molar ratio of 1:3. The ligation was carried out with 
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Rapid DNA Ligation Kit (Roche Applied Science, Mannheim, Germany) at room 
temperature for 5-10min. 
 
3.6.5 Transformation of bacteria with plasmids 
3.6.5.1 Preparation of E.coli competent cells for heat-shock transformation 
E.coli DH5α competent cells were prepared as described by Inoue et al. (1990). Single 
colony of DH5α from a freshly streaked plate was inoculated into 250ml of SOB medium 
(2% Bacto trytone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgSO4) in a 
1-liter flask, and grown with vigorous shaking (200-250 rpm) at 18˚C until  OD600 
reached 0.6. The culture was placed on ice for 10 min to cool and centrifuged at 2500xg 
for 10 min at 4˚C. The pellet was resuspended in 80 ml of ice-cold TB (10 mM Pipes, 55 
mM MnCl2, 15 mM CaCl2, 250 mM KCl) and incubated on ice for 10 min, and spun 
down as above. The cell pellet was gently resuspended in 20 ml of TB, and DMSO was 
added with gentle swirling to a final concentration of 7%. After incubating on ice for 
10min, the cell suspension was dispensed into 1.5 ml microfuge tubes and immediately 
immersed in liquid nitrogen. The frozen competent cells were stored at -80˚C. 
 
3.6.5.2 Transformation of E.Coli cells using heat-shock method  
E. coli DH5α competent cells (200 μl) were mixed with 10 μl of ligation reaction mixture, 
kept on ice for 30 minutes and subjected to heat shock at 42˚C for 1 minute. After 
chilling on ice for 1 minute, 800 μl of LB medium containing no antibiotics was added in 
and incubated at 37˚C for 1 hour. Two hundred μl of bacterial culture was streaked on LB 
plate containing appropriate antibiotics and incubated at 37˚C overnight. 
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3.7 DNA sequencing 
DNA sequencing PCR was performed using the BigDye® Terminator v3.1 Cycle 
Sequencing Kit as described in manufacturer’s protocol. DNA sequencing samples were 
run on an ABI PRISM 3700 DNA Analyzer by IMCB sequencing facility. 
 
3.8 Plant genomic DNA extraction 
One Arabidopsis leaf was dissected and grounded by plastic pestle in 1.5ml microfuge 
tube.  Five hundred μl of DNA extraction buffer was added and mixed well. The plant 
tissue was removed by centrifuging at 14,000rpm for 5min at room temprature. The 
supernatant was transferred to a new tube and mixed with equal volume of isopropanol. 
The DNA was precipitated by centrifuging at 14,000rpm for 10min. The pellet was 
washed with 70% ethanol and then air-dried.  Fifty μl of sterile water was used to 
dissolve the pellet. Typically 1-2 μl was used for PCR for genotyping. 
 
3.9 Plant total RNA extraction 
3.9.1 RNA extraction from seeds 
Dry seeds were weighed and divided into 4mg aliquot which was suitable for each 
extraction column in the following steps. The seeds were treated as per the requirement 
of different experiments and then grounded into fine powder using liquid nitrogen in a 
mortar and pestle. Total RNA was extracted using the RNAqueous RNA Isolation Kit 
with Plant RNA Isolation Aid (Ambion, Austin, TX). The RNA samples were eluted with 
RNase-free H2O and used immediately or stored at -80˚C for future usage. 
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3.9.2 RNA extraction from other tissue types 
Total RNA was isolated from other plant tissues such as leaves or inflorescences using 
Tri Reagent (Molecular Research Center, Cincinnati, OH) following the protocol 
provided by the manufacturer. Briefly, 0.15g of leaves or inflorescences was grounded 
into powder with liquid nitrogen. The powder was transferred to a 2ml microfuge tube 
containing 1ml of Tri Reagent followed by 20 second of vortexing. Two hundred μl of 
chloroform was added and the mixture was well mixed by 20 seconds of vortexing. After 
centrifuging at 10000 g for 10 minutes at room temperature, the aqueous phase was 
transferred to a new tube and mixed with 500 μl of isopropanol and incubated at room 
temperature for 10min. The RNA was pelleted by centrifuging at 10000 g for 10 minutes 
at 4˚C. The RNA pellet was washed with 70% ethanol, air dried, and dissolved in RNase-
free H2O. 
 
3.9.3 RNA extraction from BY2 cells  
Two ml of BY2 cell culture which has been treated or untreated (control) with 10-5M 
GA3 for 6h was transferred into a mortar. The medium was pipetted out and the cells 
were grounded in 1ml of Tri Reagent. The RNA samples were then extracted following 
the procedures described in Section 3.9.2.  
     
3.9.4 Removal of genomic DNA  
The residue genomic DNA in total RNA was removed by adding 10 Units of RNase-free 
DNase I (Promega) in a 200 μl reaction with 10 μg of total RNA in a 1 x reaction buffer. 
The solution was incubated at 37˚C for 30 minutes. Total RNA was then purified with the 
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RNeasy Mini Kit following the manufacturer’s instructions (QIAGEN, Valencia, CA, 
USA). 
 
3.10 Isolation of mRNA from total RNA 
Oligotex® mRNA Midi Kit (QIAGEN) was used to purify mRNA from total RNA 
following the protocol provided by the manufacturer.  About 500 μg of total RNA was 
mixed with 45 μl of Oligotex and 50 μl of hot (70˚C) buffer OEB was used to elute the 
mRNA. 
 
3.11 Microarray analysis    
Total RNA from seeds was extracted as described in Section 3.9.1. cDNA synthesis, 
cRNA amplification, RNA probe labeling, GeneChip hybridization, washing, staining 
and scanning were performed by the IMCB Affymetrix Microarray Facility following the 
manufacturer’s instructions (Affymetrix,  Santa Clara, California, USA). GeneChip 
(Arabidopsis ATH1) arrays were scanned on an Affymetrix probe array scanner. Data 
were preliminarily analyzed using a statistics software MAS5.0 from Affymetrix. 
 
3.11.1 First-cycle, first-strand cDNA synthesis 
Three hundred to 400 ng of DNA-free total RNA was placed in a 0.2 ml microfuge PCR 
tube. One μl of 10 μM T7-Oligo (dT) primer was added and RNase-free H2O was added 
to a total volume of 5 μl. The samples were incubated for 6 min at 70˚C and fast cooled 
to 4˚C for at least 2 min. Two μl of 5x 1st Strand Reaction Mix, 1 μl of 0.1M DTT, 0.5 μl 
of RNase Inhibitor, 0.5 μl of 10mM dNTP and 1.0 μl of SuperScript II (Invitogen) were 
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added to the reaction. The reaction was incubated for 1 h at 42˚C, heated to 70˚C for 
10min to inactivate the RT enzyme, and cooled for at least 2 min at 4˚C. The cDNAs 
were then subjected to a 2nd strand synthesis as described in Section 3.11.2.   
 
3.11.2 First-cycle, second-strand cDNA synthesis  
In total, 6 μl of RNase-free water, 2.8 μl of 25mM MgCl2, 0.4 μl of 10mM dNTP, 0.6 μl 
of E.coli DNA Polymerase I and 0.2 μl of RNase H were added to each sample from 
Section 3.11.1 for a total volume of 20 μl (Invitrogen). The mixture was incubated for 2 h 
at 16˚C, followed by 10 min at 75˚C, cooled for at least 2 min at 4˚C, and then subjected 
to the next step as described in Section 3.11.3. 
 
3.11.3 First-cycle, IVT amplification of cRNA 
The in vitro transcription (IVT) amplification of cRNA was carried out using the 
MEGAscript® T7 Kit (Ambion). Five μl of 10x Reaction Buffer, 5 μl each of NTP 
Solution and 5 μl of Enzyme Mix were added to each 20 μl of cDNA sample from 
Section 3.11.2 for a final volume of 50 μl. The mixture was incubated for 16 h at 37˚C 
and purified as described in Section 3.11.4.  
 
3.11.4 First-cycle, cleanup of cRNA 
The cRNA produced in Section 3.11.3 was purified using the GeneChip Sample Cleanup 
Module. The yield was estimated by measuring the absorbance 260 nm. Six hundred ng 
of cRNA was used in the following Section 3.11.5. 
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3.11.5 Second-cycle, first-strand cDNA synthesis 
The procedure in this step is similar to the First-Cycle, First-Strand cDNA synthesis 
described in Section 3.11.1 with the following differences: 1) 600 ng of cRNA was used 
as templates; 2) 2 μl of 0.2 μg/μl Random Primers was used; 3) the total volume was 20 
μl. The amounts of all other reagents were doubled. After incubation for 1 h at 42˚C and 
cooled for 5min at 4˚C, 1 μl of RNase H was added to each sample for a total volume of 
21 μl. The reaction was then incubated for 20 min at 37˚C, heated to 95˚C for 5 min to 
inactivate the enzyme and cooled to 4˚C. 
 
3.11.6 Second-cycle, second-strand cDNA synthesis and purification 
Two μl of 10 μM T7-Oligo (dT) Primer was added to the first strand cDNA produced in 
Section 3.11.5 for a final volume of 23 μl and mixed thoroughly. The mixture was 
incubated for 6 min at 70˚C and cooled for 2 min at 4˚C. Ninety μl of RNase-free water, 
30 μl of 2nd Strand Reaction Mix, 3 μl of 10mM dNTP and 4 μl of E.coli DNA 
polymerase were added to the reaction for a final volume of 150 μl. After incubation for 
2h at 16˚C, 2μl of T4 DNA polymerase was added to the reaction. The mixture was then 
incubated for 10 min at 16˚C and cooled for 2 min at 4˚C. 
The double-stranded cDNA was purified using the GeneChip Sample Cleanup Module. 
In the final step, 20 μl of cDNA Elution Buffer was used to elute the cDNA. 
 
3.11.7 Synthesis, purification and quantification of biotin-labeled cRNA for two-
cycle target labeling assays 
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Fifteen μl of cDNA produced in Section 3.11.6 was used to synthesis the cRNA probes, 4 
μl of 10 x IVT Labeling Buffer, 12 μl of Labeling NTP Mix, 4 μl of Labeling Enzyme 
Mix and 5μl of RNase-free water were added for a total volume of 40 μl (GeneChip IVT 
Labeling Kit, Affymetrix). The reaction was incubated for 16 h at 37˚C. The biotin-
labeled cRNA was purified following the GeneChip Sample Cleanup Module. The 
absorbance at 260nm and 280nm was measured to determine the concentration and purity 
of the cRNA. 
 
3.11.8 Fragmenting the cRNA for target preparation 
The Fragmentation Buffer had been optimized to break down full-length cRNA to 35 to 
200 base fragments by metal-induced hydrolysis. 18 μg of cRNA, 6 μl of 5 x 
Fragmentation Buffer and variable volume of RNase-free water were added for a total 
volume of 30 μl. The mixture was first incubated for 35 min at 94˚C and then cooled on 
ice. The fragmented sample RNA was stored at -20˚C until ready to perform the 
hybridization, as described in the next Section. 
 
3.11.9 Target hybridization, washing, staining, and scanning 
To make the Hybridization Cocktail, 15 μg of fragmented cRNA, 5 μl of Control 
Oligonucleotide B2 (3 nM), 15 μl of 20 x Eukaryotic Hybridization Controls (bioB, bioC, 
bioD, cre), 3 μl of 10 mg/ml Herring Sperm DNA, 3 μl of 50 mg/ml BSA, 150 μl of 2 x 
Hybridization Buffer, 30 μl of DMSO and various volume of RNase-free water for a total 
volume of 300 μl. After mixing well, the Hybridization Cocktail was incubated for 5 min 
at 99˚C followed by 5 min at 45˚C. Meanwhile, the GeneChip was prehybridized by 
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filling it with 250 μl of 1x Hybridization Buffer and incubated for 15 min at 45˚C with 
60rpm rotation. The buffer was removed from the probe array cartridge and 200μl of 
hybridization cocktail was added into the cartridge. The probe array was incubated for 16 
h at 45˚C in the Hybridization Oven with rotation at 60 rpm. 
The washing, staining and scanning procedures were performed following the standard 
protocol (Affymetrix, Santa Clara, California, USA) 
     
3.12 Ontology analysis and cross-comparing DELLA-dependent transcriptomes 
We obtained the signal intensities of individual genes using the statistical algorithms on 
Affymetrix Microarray Suite Version 5.0 (MAS5). The presence or absence of a reliable 
hybridization signal for each gene was determined by the detection call on MAS5. Genes 
were classified as GA responsive if the signal intensities deviated either positively or 
negatively two-fold or more between ga1-3 and WT. Genes for which transcripts were 
determined to be undetectable (absent or marginal present) in ga1-3 samples were 
eliminated from the list of up-regulated genes in ga1-3. Similarly, genes for which 
transcripts were determined to be undetectable (absent or marginal present) in WT 
samples were eliminated from the list of down-regulated genes in ga1-3. When the 
transcript was undetectable in only ga1-3 or WT sample, we gave the background signal 
intensity to the undetectable transcript. If the signal intensity from the other sample was 
greater by two-fold or more relative to the background value, this gene was regarded as 
being GA-regulated. A gene is regarded as DELLA-down, if this gene is down-regulated 
in ga1-3, the signal intensity of ga1-3 was less by two-fold or more relative to the 
intensity of ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1, and the signal intensity did not deviate 
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negatively more than two-fold between ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 and WT. 
Similarly, a gene is regarded as DELLA-up, if this gene is up-regulated in ga1-3, the 
signal intensity of ga1-3 was greater by two-fold or more relative to the intensity of ga1-
3 gai-t6 rga-t2 rgl1-1 rgl2-1, and the signal intensity did not deviate positively more than 
two-fold between ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 and WT. In the seed samples, we 
classified the genes that were GA-responsive in all three independent replicates as GA-
responsive. In the flower samples, genes that were GA-responsive in any four of the six 
independent replicates were classified as GA-responsive. 
The Gene Ontology (GO) information was retrieved through the NetAffx Gene Ontology 
(GO) Mining Tool, based on the Molecular Function and biological process. Throughout 
the data sets, genes are identified by the AGI gene code, which was linked to Affymetrix 
Probe Set ID based on the gene annotation information in the NetAffx Analysis Center 
(https://www.affymetrix.com/analysis/netaffx/index.affx). 
 
3.13 Probe labeling  
3.13.1 DNA probes 
3.13.1.1 PCR amplification 
The DIG-labeled DNA probes were prepared by PCR amplification using DIG-labeled 
dNTP mix (Roche, Germany). Reaction was set up to 20μl total volume in a 0.2 ml 
microfuge tube as follow: 1x reaction buffer, 0.2mM DIG-labeled dNTP mix, 0.2 mM of 
T7 primer (5’-TAATACGACTCACTATAGG-3’), 0.2 mM of SP6 primer (5’-ATTTAGGTGACACTATAG-3’), 2 
ng of plasmid DNA contains target gene fragment cloned in pGEM®-T or pGEM®-T 
Easy vectors and 1 Units of Taq DNA polymerase (Roche). Amplification was carried 
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out as described in Section 3.5.1. PCR products were detected by electrophoresis on a 1.0 
% agarose gels. 
 
3.13.1.2 Probe purification 
The PCR products were purified using the PCR Purification Kit following the protocol 
provided by the manufacturer (Roche Applied Science, Mannheim, Germany). Fifty μl of 
sterile water was used to elute the probe. 
 
3.13.1.3 Concentration estimation 
The yield of DIG-labeled probe was estimated using dot blot test with the control DNA 
supplied by the manufacturer. A series of dilutions (102, 104, 3.3 x 105, 105, 106, 3.3 x 107 
and 107 times) of both the control DNA and the DIG-labeled probe were prepared, and 1 
μl of each dilution was applied onto Hybond-N+ nylon membrane (Amersham 
Biosciences). The DNA on the membrane was cross-linked by UV radiation, after which 
colorimetric detection of the probe was performed by incubating the membrane in 1 x 
Blocking Reagent at room temperature with shaking. This was followed by incubation 
with the anti-DIG-alkaline phosphatase Fab fragments, which was diluted 5000 times in 
blocking reagent. The membrane was washed twice at room temperature in washing 
buffer, each for 15 min. The membrane was then rinsed in 1 x detection buffer for 2 min. 
Ready-to-use CDP-star solution was layered onto the membrane in a plastic bag. The 
membrane was incubated for 5 min at room temperature before the CDP-star solution 
was drained from the bag. Then X-ray film (Kodak, Japan) was used for autoradiography. 
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(All the buffers and reagents were provided by Roche Applied Science, Mannheim, 
Germany) 
 
3.13.2 RNA probes 
The DIG-labeled RNA probes were prepared by in vitro transcription as described in 
following sections. 
 
3.13.2.1 Template preparation 
Approximately 10 μg of plasmid containing the target gene fragment cloned in pGEM®-T 
or pGEM®-T Easy vectors were digested with NdeI or NotI. The linearized plasmids 
were purified using phenol:chloroform. Equal volume of phenol:chloroform (PH7.9) was 
mixed with the linearized plasmids by vortexing vigorously. After centrifuging at 10000 
g for 1 min at room temperature, the aqueous phase was removed and mixed well with 
1/10 volume of 3M NaOAc (PH5.2) and 2.5 volume of 100% ethanol. The mixture was 
stored at -20˚C for at least 3 h. The DNA pellets were obtained by centrifuging at 10000 
g for 10 min at 4˚C. After a further washing by 70% ethanol, the pellets were air dried 
and dissolved in RNase-free H2O. 
 
3.13.2.2 In vitro transcription 
The linearized plasmid (1 μg) was mixed with 2 μl of 10 x DIG RNA labeling mix 
(Roche), 2 μl of 10 x transcription buffer, 2 μl of T7 RNA polymerase or SP6 RNA 
polymerase (NEB), 1 μl of RNase Inhibitor (Roche), adjusted to a final volume of 20 μl 
with RNase-free H2O, and incubated for 2 h at 37˚C. The RNA was then purified with 
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milipore (Milipore Corporation, Bedford, MA, 01730 USA) following the protocol 
provided by the manufacturer. 
The probe estimation procedure was similar to that of DIG-labeled DNA probe described 
in Section 3.13.1.3 except that the control was changed to DIG-labeled RNA. 
For northern analysis using riboprobe, membrane was prepared as described in Section 
3.15.2, and pre-hybridization, hybridization and detection was carried out as described in 
Section 3.15.3 and 3.15.4 except that the hybridization temperature was 68˚C.  
 
3.14 RT-PCR 
3.14.1 First strand cDNA synthesis 
Total RNA was extracted from whole plants as described in Section 3.9. For synthesis of 
cDNA, SuperScriptTMII RNase H- Reverse Transcriptase (Invitrogen) was used. Twenty 
μl reactions were set up in 0.2ml microfuge tubes as following steps. Firstly, 0.5-5 μg of 
DNA-free total RNA or 0.5 μg of mRNA, 1 μl of 10mM Oligo (dT)15 , and 1 μl of 10mM 
dNTP were mixed and topped up to 12μl with sterile H2O; the mixture was heated to 
65˚C for 5 min and quickly chilled on ice. Secondly, 4 μl of 5x reaction buffer, 2 μl of 
DTT and 1μl of RNaseOUTTM recombinant RNase Inhibitor (40 U/μl) were added to the 
reaction; the contents were mixed gently and incubated at 42˚C for 2 min. Thirdly, 1 μl 
(200U) of SuperScriptTMII was added and the reaction was incubated for 50 min at 42˚C. 
Finally, the mixture was heated to 70˚C for 20 minutes to inactivate the enzymes. This 
cDNA was used as template in PCR. 
 
3.14.2 RT-PCR analysis of DELLA transcripts in imbibed seeds 
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Seeds of ga1-3 control, ga1-3 gai-t6 rga-t2 rgl1-1 (for detecting RGL2 transcript), ga1-3 
gai-t6 rga-t2 rgl2-1 (for detecting RGL1), ga1-3 gai-t6 rgl1-1 rgl2-1 (for detecting RGA) 
and ga1-3 rga-t2 rgl1-1 rgl2-1 (for detecting GAI) were chilled either in the light or dark 
(wrapped with four layers of foil) at 4oC for 4 days before they were transferred to a plant 
growth cabinet (23oC). Seeds were either illuminated with white light (for seeds chilled in 
the light) or kept in the dark (for seeds chilled in the dark) in the plant growth cabinet for 
6 h before RNA extraction. Total RNA was extracted and treated by DNase I as described 
in Section 3.9.1 and 3.9.4. Oligo (dT)15 directed cDNA was synthesized from about 0.5μg 
of total RNA as described in Section 3.14.1. The obtained cDNA was used as substrates 
for PCR assay of GAI, RGA, RGL1 and RGL2 gene expression. ACTIN2 was used as an 
internal control to normalize the cDNA templates. The primers used for PCR reactions 
and cycle numbers were stated in Table 3.2. Amplified PCR products were visualized and 
photographed under a UV translluminator. 
 
3.14.3 RT-PCR confirmation of candidate genes identified from microarray analysis 
Total RNA from imbibed seeds and young flower buds were extracted as described in 
Section 3.9.1 and 3.9.2, respectively. Oligo (dT)15 directed cDNA was synthesized from 
0.5μg of DNA-free total RNA as described in Section 3.13.1. The obtained cDNA was 
used as substrates for PCR assay. ACTIN 2 and UBIQUITIN 10 were used as an internal 
control to normalize the cDNA templates. The primers used for PCR reactions were 
provided in Table 3.4-Table 3.7.  Amplified PCR products were visualized and 
photographed under a UV translluminator. 
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3.14.4 RT-PCR to assay tissue specific expression of candidate DELLA-regulated 
genes 
Total RNA from dry seeds and imbibed seeds was extracted as described in Section 3.9.1. 
Total RNA from the other tissue types were extracted as described in Section 3.9.2. 
Random hexamer directed cDNA was synthesized from 0.5μg of DNA-free total RNA as 
described in Section 3.14.1. The obtained cDNA was used as substrates for PCR assay. 
18s rRNA were used as an internal control to normalize the cDNA templates. The primers 
used for PCR reactions were provided in Table 3.9. Amplified PCR products were 
visualized and photographed under a UV translluminator. 
 
3.14.5 RT-PCR to assay expression of GA 20-oxidase in Arabidopsis leaves  
For examining the expression of the GA20- oxidase gene (AtGA20ox) in Arabidopsis, the 
freshly harvested transgenic leaves harboring the RGL2 or RGL2ΔDELLA  transgene were 
incubated in MS-hygromycin medium, containing 10 μM β-estradiol, for about 12 h to 
induce the expression of the transgenes. Gibberellin (10-4 M) (gibberellin A3; Sigma) was 
added for 6 h before extracting the total protein or RNA by grinding the leaves in a 
mortar.  Total RNA was extracted using Tri-Reagent solution (Molecular Research 
Center Inc., Cincinnati, OH, USA) as described in Section 3.9.2 and 5 μg of total RNA 
was converted to cDNA by reverse transcription as described in Section 3.14.1.The 
obtained cDNA was used as a template for sub-saturating PCR assay for GA 20-oxidase 
gene expression. One μl of cDNA template and 25 PCR cycles were applied to amplify 
ACTIN2 using primers provided in Table 3.2. Same amount of cDNA and 24 cycles for 
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GA 20-oxidase using primers provided in Table 3.3. The PCR products were then 
subjected to detection by Virtual Northern as described in Section 3.15. 
 
3.14.6 RT-PCR to assay expression of GA 20-oxidase in BY2 cells 
BY2 cells harboring the RGL2 or different RGL2 mutations transgene grown to 
approximately 20% density (cell mass to total culture volume) were harvested by 
spinning at 400g for 2-3 min and resuspended in fresh medium at about 10% density. 
After growing for another 15-20 h, aliquots of cells were treated with 10-5M GA 
(gibberellin A3; Sigma) for 6 h. 
RNA samples were then extracted by the method described in Section 3.9.3. mRNA was 
extracted as described in Section 3.10. Oligo d(T) directed cDNA was synthesized from 
0.5 μg mRNA as described in Section 3.14.1. The expression levels of GA 20-oxidase 
(NtGA20ox) were assayed by the same method described in Section 3.14.4.  
 
3.15 Virtual northern 
To assay the expression levels of GA 20-oxidase in transgenic Arabidopsis and BY2 cells, 
the RT-PCR products were visualized by Virtual Northern. Virtual northern is an 
alternative technique of conventional northern blotting. Compared to the conventional 
one, Virtual northern requires much less amount of RNA which greatly facilitate its 
application in biology studies. In the typical virtual northern, reverse transcription is 
performed first and followed by cDNA amplification according to the adaptor sequence 
on two ends of cDNA. The amplified cDNA was then subjected to conventional 
electrophoresis and blotting procedures. In this thesis, primers target specific genes 
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instead of adaptors were used to amplify particular genes. Then the amplified products 
were used for electrophoresis and blotting. 
3.15.1 DNA gel electrophoresis 
For each sample, 5 μl of PCR product was mixed with 1 μl of 6x DNA loading buffer and 
loaded onto a 1.2% agarose gel containing 0.5 μg/ml ethidium bromide. The gel was run 
at 120V for 45 min to separate the 1kb DNA ladder (NEB). The DNA was visualized on 
a UV transilluminator and photographed. 
3.15.2 Transfer of DNA from gel to membrane 
The gel was denatured in 1.5M NaCl, 0.5N NaOH for 45min, rinsed in deionized water 
and neutralized by soaking in 1M Tris (PH 7.4), 1.5M NaCl for 30min. The DNA was 
transferred overnight onto a Hybond-N nylon membrane using 10x SSC as the transfer 
buffer. After the transfer, the membrane was briefly washed in 2 x SSC and fixed in a GS 
Gene Linker UV Chamber (Sigma, 150 mj). 
 3.15.3 Hybridization 
The membrane was pre-hybridized at 50oC for 2h in DIGTM Easy Hybridization buffer 
(Roche), followed by overnight hybridization in the same buffer containing 25ng/ml of 
DIG-labeled GA 20-oxidase probe prepared as described in Section 3.13.  
The membrane was then washed in 2x SSC/0.1% SDS for 5 min at room temperature, 
followed by 0.5x SSC/0.1% SDS twice, each for 15min at 68oC and 0.1% SSC/0.1% SDS 
for 15 min at 68 oC. 
3.15.4 Antibody hybridization and detection 
Probe detection was carried out using the chemiluminescent method as described in 
Section 3.13.1.3. 
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3.16 Northern blot hybridization 
3.16.1 Preparation of formaldehyde-denatured RNA gel 
For 200ml of 1.2% agarose gel (suitable for 15cm x 20cm gel casting tray), 2.4g agarose 
was dissolved in 174ml RNase-free H2O. When the mixture was cooled to ~60˚C, 20ml 
of 10 x MOPS buffer and 6ml of 37% formaldehyde were gently mixed in thoroughly, 
and then poured into an RNase-free gel casting tray. 
 
3.16.2 Sample preparation and electrophoresis 
Twenty μg of total RNA was aliquoted to 1.5ml microfuge tube and dried in vacuum. The 
RNA pellet was dissolved in 20μl of sample buffer [10 x MOPS buffer: formamide: 
formaldehyde: H2O = 1:1.8:5:2.2], heated to 65˚C for 10 min, and cooled on ice. After 4 
μl of 6 x RNA loading buffer was added, the RNA samples were loaded on the 
formaldehyde gel. The gel was run at 100V for 2-3 h until the bromophenol blue reached 
the bottom of the gel. 
 
3.16.3 RNA transfer from gel to nylon membrane 
The gel was rinsed in 5 x SSC for 5 min. RNA was transferred overnight onto a Hybond-
N nylon membrane using 10x SSC as the transfer buffer. After the transfer, the 
membrane was briefly washed in 2 x SSC and fixed in a GS Gene Linker UV Chamber 
(Sigma, 150 mj). To certify equal loading of RNA samples, the membrane was stained 




Hybridization and detection were performed as described in Section 3.15. 
 






P9: 5-TTTGGCCCAACACACAAACCTT 3' 
P10: 5' AAGCCTCGAACTCAAGGTTCTA 3' 
ga1-3 
mutant 
P25: 5' TGTATGCACGTTAACGATCAAT 3' 
P34: 5' TTTCTTCATACCACCTGCGTTC 3' 
WT 
N6: 5' TAGAAGTGGTAGTGGAGTG 3' 
AT1: 5' CCCAACATGAGACAGCCG 3' 
gai-t6 
mutant 
N6: 5' TAGAAGTGGTAGTGGAGTG 3' 
DS5-3: 5' CGGTCGGTACGGGATTTTCC 3' 
WT 
906F: 5' GCCGGAGCTATGAGAAAAGTGG 3' 
2076R: 5' AAGAATTTTAAACAAGTGA ACG 3' 
rga-t2 
mutant 
906F: 5' GCCGGAGCTATGAGAAAAGTGG 3' 
DS3-2: 5' CCGGTATATCCCGTTT TCG 3' 
WT 
1670F: 5' AAGC TAGCTCGAAACCCAAAT 3' 
2295R: 5' CCACAGAGCGCGTAGAGGATAAC 3' 
rgl1-1 
mutant 
DS3-2: 5' CCGGTATATCCCGTTT TCG 3' 
2295R: 5' CCACAGAGCGCGTAGAGGATAAC 3' 
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WT 
856F: 5' GCTGGTGAAACGCGTGGGAACA 3' 
1883R: 5' ACGCCGAGGTTG TGATGAGTG 3' 
rgl2-1 
mutant 
856F: 5' GCTGGTGAAACGCGTGGGAACA 3' 























Table 3.2 Primers used for RT-PCR detecting DELLA transcripts in seeds 
Used for Primer Pairs Cycle number 
Actin 2  5' CACCGCTTAACCCGAA 3' 
5' GTGAGGTCAAGACCAG 3' 
30 
GAI 5' CACACGACCGCTCATAG 3' 
5' TGCCTATCCAATTTACCCTC 3' 
30 
RGA 5' AGAAGCAATCCAGCAGA 3' 
5' GTGTACTCTCTTCTTACCTTC 3' 
30 
RGL1 5' CATCAATGACGACGGT 3' 
5' GTACTCTGAGTCAGGCTT 3' 
32 
RGL2 5' CCAAAACCACTACCAGC 3' 












Table 3.3 Primers used for RT-PCR of genes encoding GA20 oxidase 
Gene Primers 
AtGA20ox 
F: 5’ ATGGCCGTAAGTTTCGTAACAAC 3’ 
R: 5’ TTAGATGGGTTTGGTGAGCC 3’ 
NtActin 
F: 5’ CAGAGCGAGGCTACTCGTTCAC 3’ 
R: 5’ CTGTGCACAATGGATGGTCCAG 3’ 
NtGA20ox 
F: 5’ GGAATGAGCCTAGGCGTAGG 3’ 













Table 3.4 Primers used for RT-PCR confirmation of DELLA-down genes in 
imbibed seeds identified by microarray analysis. 
Gene ID Probe ID Primer Pairs 
At1g02640 260914_at 
 5' AGCTGATGCGACGGTTCTTGTGAT 3'  
 5' TGGCGCGTCGGCTATGTTGT 3'  
At1g06350 259391_s_at 
 5' GGACCGCGACCCACATAGC 3'  
 5' TCCGAGGGCAATTTCACATCAGT 3'  
At1g07690 261466_at 
 5' TCCTCGTACTCGTGTCCCTCTC 3'  
 5' TAGCAGTCTGATTTCCCAATGTC 3'  
At1g08500 261745_at 
 5' TGTCGCCTTCTTGTTCATCTT 3'  
 5' TTACATTGTTCGCCATCATAGTTT 3'  
At1g12090 264371_at 
 5' GCCAAAGCCAACTCCTAAACCAAC 3'  
 5' CACCCCAATGAACACCAGAGCA 3'  
At1g18250 256125_at 
 5' TTACTCGCCGGCGGTGGTTTT 3'  
 5' ATTTTGGAGTAAGCCGTTGGTTTG 3'  
At1g20440 259570_at 
 5' CTCCCAGGACACCACGACAAG 3'  
 5' TCCCACTCCCACATCATTATTCAT 3'  
At1g28290 245688_at 
 5' AGCCCCCGGTTTACCCTCCTAC 3'  
 5' CTTAAGTTCAGCGCCGACATCTCC 3'  
At1g41830 261363_at 
 5' CACCGGGGTTCTTCGCTACAGT 3'  
 5' ATCCATCCCGACCACCCAAAAG 3'  
At1g50630 261863_at  5' TACACAGCTTCCGCAAATACCTAA 3'  
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 5' GAAGATGGCAAATGAGACGGAAGA 3'  
At1g70410 264313_at 
 5' AAAAGACGAAATGGCAACGGAATC 3'  
 5' CACAGCAGCTATGGCCTATCACC 3'  
At1g75780 262978_at 
 5' GTTGGTTTCGCCCCTCTCACT 3'  
 5' TCAGCGGTAGCAGCTTGGTATTGT 3'  
At1g76160 261728_at 
 5' CTCATTCGCCGCCGCATTATTC 3'  
 5' GGGACCGGGATTCTAGGACGACTG 3'  
At2g15090 265918_at 
 5' TCTTGAACGTTCCGGTCTTGGTC 3'  
 5' TTGGCGCGGTTACGGTCTCTA 3'  
At2g27920 264071_at 
 5' GGATGGACCTCGAAAACTTGATTA 3'  
 5' TTCTAGCCCCTCCCACCTGA 3'  
At2g41800 260553_at 
 5' ATCGGTCCACATGTTTTCGCTAAT 3'  
 5' TAACGGGCCAGGGTAACAAC 3'  
At3g07320 259014_at 
 5' GCGGAGGCCCATGTCAGAAACC 3'  
 5' TTGGCGATTGCATTACCCGAAAAC 3'  
At3g09260 259009_at 
 5' CCCGCCGTCGAACAAACTAAG 3'  
 5' GCCAGCGTGCGAGAAAACC 3'  
At3g09520 258752_at 
 5' AGTTTGGAATCGGCGGCTATCTAT 3'  
 5' CCTTCCCAGTACTCGTCTTCTCCA 3'  
At3g10720 258764_at 
 5' TTGCCTCCGTCACAGTCTCAGTCA 3'  
 5' TCCCCATCGGCGAACCAATC 3'  
At3g16180 258332_at 
 5' CAGTTCCGCGACATCTTCTCAAT 3'  
 5' ATCGCGGTTACTTATGGCACAA 3'  
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At3g21710 257946_at 
 5' TCTTATTCACTTCTTGCCACCTCT 3'  
 5' ACGACGCATAATCCTCTACTCCTC 3'  
At3g23730 257203_at 
 5' CCGCTGGAACCGTCACT 3'  
 5' AGCGTTAAAGCCTCTGTAG 3'  
At3g23880 256914_at 
 5' ACGTCTCGGTACCATCTCAAGTCA 3'  
 5' GGCTGCCCAGTTTAGTGTCC 3'  
At3g50750 252178_at 
 5' GGATGCCGACGTGGAAGGAAAGAG 3'  
 5' AGGTGAAGAAATCGGCGGTGTAAC 3'  
At4g02330 255524_at 
 5' AACACCGCCGCTTCCTCTTC 3'  
 5' GGCGGTACCGTCAGTTTTAT 3'  
At4g08950 255064_at 
 5' CTCGCAACACCCAGCAAAAACTCA 3'  
 5' ATAAACGCCAGGACAAGCAGAAGC 3'  
At4g21490 254419_at 
 5' GCTTTAGCAACCGATGAATGG 3'  
 5' GAAGGGACGGAAGCGGTGAC 3'  
At4g31500 253534_at 
 5' TGCCGGGAACTGACAACG 3'  
 5' TGGCCGGGAACATTCTC 3'  
At4g32460 253437_at 
 5' TCCCTCCTCGTCCCACCAATAAGA 3'  
 5' GTCGTCGATCACCGGTCCACATAA 3'  
At4g32880 253402_at 
 5' GCGGCCTTGTGGGTCTTGA 3'  
 5' GAGCGGCCATTGTAGTTCTTTG 3'  
At4g39330 252943_at 
 5' GAAACAATGGCGAAATCTCC 3'  
 5' TCTCCGAATAGCCACCGTAAT 3'  
At5g01040 251124_s_at  5' CTTCCCGGCCCAACGATAAAC 3'  
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 5' GCGAGGCCATTGATGAGGTAAG 3'  
At5g02260 250992_at 
 5' GAGCCGGAACTGGGGACAA 3'  
 5' GCTGCGGGCTACATGAATCTTTAT 3'  
At5g14750 246585_at 
 5' TGAGAAAGAAAGTAAGTAGTAGTG 3'  
 5' GATTCGGGAGATTGATTTGATAA 3'  
At5g15230 250109_at 
 5' TAACAATATCCCAAACTGAAA 3'  
 5' TTAGAACAAAATCCGAAAAG 3'  
At5g15580 246562_at 
 5' ACTTGGGAATGAGGTCGCTGTC 3'  
 5' GCTCGGGTTGATCGGTAGGTGT 3'  
At5g36110 249684_s_at 
 5' CCGTCAAGGCCATCCAGAGAA 3'  
 5' AACGAACGGCATGCTATTGAAAAC 3'  
At5g45670 248912_at 
 5' GCAACGGCTTAACCACTGTCG 3'  
 5' AACGCAAACTTCCTCGCTCCAT 3'  
At5g57220 247949_at 
 5' ACTGCGGCCGTAACATTG 3'  
 5' GGCCTAAAGTCGCACCAG 3'  
At5g60890 247600_at 
 5' GATGGCGTACTCTCCCTGAA 3'  
 5' TGTTGCCGCCATTTTGTT 3'  
At5g66460 247097_at 
 5' AGGCCGTCCCGTTTCTTCTG 3'  
 5' GTGTGCGTCTAGCCATTTGTTCA 3'  
At5g67080 247026_at 
 5' CATACGGCGCTGCTTCTCTGG 3'  
 5' ACAACGGCGTACCTCTAATCTG 3'  
actin2 257749_at 
 5' TGCTGACCGTATGAGCAAAG  3'  
 5' CAGCATCATCACAAGCATCC 3'  
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ubiquitin10 255220_at 
 5' AACTTTCTCTCAATTCTCTCTACC 3'  


















Table 3.5 Primers used for RT-PCR confirmation of DELLA-up genes in imbibed 
seeds identified by microarray analysis 
Gene ID Probe ID Primer Pairs 
At1g05510 263175_at 
 5' CATCTCTGCGCGTTTCATTTCTAT 3'  
 5' GCCTTTGCCTCCTCCATTTG 3'  
At1g08630 264777_at 
 5' GGAGCCCGTCTTTTCAA 3'  
 5' GATTCTTCCGCAGTTTCTC 3'  
At1g21680 262505_at 
 5' GGTGGCGCCAAAGAGTCATCA 3'  
 5' AGTCCGCCCCGAACGAAACAC 3'  
At1g23070 264888_at 
 5' TTGGGACGAGAGCTCTTTGTGATA 3'  
 5' GCTCGTTTCGGCTGTGATTTTAC 3'  
At1g54870 256354_at 
 5' GTCGAGCCGTGGGATACTGTTTT 3'  
 5' ATGATGCTGGGATAAGGGGTGTC 3'  
At1g60680 264941_at 
 5' ATTGCCTGCATTGATCTTTATTAT 3'  
 5' GCTGGAGTGCACCCTTTCT 3'  
At1g64900 262882_at 
 5' TTTGCGCTTCTTGTCCTTATGTGT 3'  
 5' CGCCGTGGCGTCGTGT 3'  
At1g70840 262310_at 
 5' GTGGGAAGCTAGAGACAGAT 3'  
 5' ACACAGAAATCAAGAAAGGTC 3'  
At1g78780 264301_at 
 5' ATGCAGGACAGGTTCAATGGAG 3'  
 5' GAGGCCCCGAGTACACAGAGA 3'  
At2g19930 266689_at 
 5' TAACGCCTTGGAAGTAGTAACC 3'  
 5' CTCCCGAAATTTGCCCAGAC 3'  
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At2g31350 263243_at 
 5' GGTACGGGGCAAAGGTGATT 3'  
 5' TGCGGAGGAAGGGGTTACA 3'  
At2g42890 265266_at 
 5' GCACGGGAGGGGGTATGGA 3'  
 5' TCGCCTGTTTGGGGTTTCTCTAAT 3'  
At3g05260 259314_at 
 5' AGAGGGTCGTTGAGGAAGTTGTGA 3'  
 5' TTTGGCCGGTGTAGTAAGATGAGC 3'  
At3g10570 258962_at 
 5' GATTCGCTGCGTTTTGTATTCTTT 3'  
 5' ATCGCCGTCCCCGTCGTATC 3'  
At3g22490 256931_at 
 5' AACTGATCTCGCCGCTGAACG 3'  
 5' GTCGCACCCGCCAAAACATC 3'  
At3g25260 257841_at 
 5' TACTCAACACCCAAAGCAGCAACC 3'  
 5' TCCCGCAACGAAAACGAAGAT 3'  
At3g53040 252019_at 
 5' ACTGCGGATAAGGCGAGGGAAGC 3'  
 5' AGGGCGTCGTAGCACCAGTCAGC 3'  
At3g56350 251731_at 
 5' TGCGGCTACACCATCAGAAACAC 3'  
 5' GATAGTAGGCATGCTCCCACACG 3'  
At3g58450 251580_at 
 5' GAGACGGCTGCAAATAAGAACAAG 3'  
 5' CACGGCTACCAACAACAAGAA 3'  
At3g59940 251443_at 
 5' GGCACCGAGTCGCGATTCCTGA 3'  
 5' GGCCTTGCGTCTCCGTTCCATA 3'  
At3g62090 251245_at 
 5' AATTGGGCTTTGACACTTCCTC 3'  
 5' GCCCATTTGCATTCCCACAC 3'  
At4g01970 255550_at  5' ATTTGCGGTGGGCCTGTCTAT 3'  
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 5' GTCAAACGCGGATGGCTCAAG 3'  
At4g03200 255418_at 
 5' CCTTTCCCGCCGATTCTCT 3'  
 5' CCACCCTCCTCCACCATACA 3'  
At4g12280 254833_s_at 
 5' ACGGCGCCAGGTGAGTC 3'  
 5' CTTGAAGAAACAGTGGGCATTATC 3'  
At4g26950 253940_at 
 5' ATGAGCTATGGGGAGATG 3'  
 5' TTGCTCAAATCTCTTCCTT 3'  
At4g31840 253480_at 
 5' TCGTCCGTGAATGCAAATGAGG 3'  
 5' AAGCCCAAATACGACACTAAATCC 3'  
At4g36700 246273_at 
 5' GATTTGCGGTATTGCCACTCTC 3'  
 5' CGAACCGGGACGTAGCCTGTAA 3'  
At5g03140 250981_at 
 5' AGTAACCGCCGGAGCATTTTTCTT 3'  
 5' TCCGGTGAGGCCAGGGTAA 3'  
At5g20960 246133_at 
 5' AAGCGATGAAGAGCAGCAAGACCT 3'  
 5' TACACCGGCAAAGATTCCCTGAC 3'  
At5g45310 248969_at 
 5' CTGGGGATCCGTTCTTCTTTTTAC 3'  
 5' AACTCGGCTTTTCCCTTTGATG 3'  
At5g46050 248932_at 
 5' TCTATTTCTCGGGGATGATGGTG 3'  
 5' TATGGCGGTAAAACGGAGTGC 3'  
At5g50600 248520_at 
 5' GCTGCGCTTCCATACCTTAGACAA 3'  
 5' ACCGACAACCCCACTCAATCAAC 3'  
At5g58350 247819_at 
 5' GCTGGGCGCTGAAGATAACAAAAT 3'  
 5' CTTCGGGGCAAAACCTCGTCA 3'  
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Table 3.6 Primers used for confirmation of DELLA-down genes both in imbibed 
seeds and young flower buds identified by microarray analysis  
Gene ID Probe ID Primer Pairs 
At1g04220 264318_at 
5' GACCGCTGCCGCTCCAAATAC 3' 
5' CCAAACCGGTTCAAAGTCATCCTC 3' 
At1g67750 245196_at 
5' CTCCACTCCCGTCTCCGAACC 3' 
5' ACGCGCCACCAGCAATGT 3' 
At1g74670 260221_at 
5' TGGCCAAACTCATAACTTCTT 3' 
5' ACCTTGTTGAGTCTTCCAGTTGTT 3' 
At2g27920 264071_at 
5' CTCAAGCCCAGAAACTCAACT 3' 
5' GTCGCTCCAACGTATTCACC 3' 
At2g37640 267158_at 
5' TTAACCGCAACAAACGCCAAAATC 3' 
5' TTCCGACTCATCCTCACCCAATCT 3' 
At2g40610 255822_at 
5' GCGGCTTTAAGTACGGCTCTATTC 3' 
5' TGCCAGTTTTGTCCCCAGTTTCTA 3' 
At2g47240 260531_at 
5' GATGGCGTCGAATTGTTGATGAG 3' 
5' CTTAGGCGGGTTCGTGTCTTCC 3' 
At3g12110 256275_at 
5' AACCCCAAGGCCAATCGTG 3' 
5' CAGGCAACTCATAGCTCTTCTCAA 3' 
At3g48460 252363_at 
5' CTAACGGCACAGCAACGGATACTC 3' 
5' ACGCCTTGAACTTCTCGGTGATAC 3' 
At3g60900 251394_at 
5' ATCAACAGCCGCACTACAATCACC 3' 
5' CCGGCGGAAGAAGGAGCAG 3' 
 73
At4g16130 245478_at 
5' GTCGCAAAGCAAACAAAG 3' 
5' TTAATAGCGTCAAGAACAACAA 3' 
At4g18970 254609_at 
5' CTACGCCAACGACCTCATAAACC 3' 
5' GAAACGCGTCCCAGAACACATAC 3' 
At4g36880 246250_at 
5' AGCCGTTAACCCCATCAAAGACCA 3' 
5' GATCCGTACCCGACAGCAACCAC 3' 
At4g39940 252870_at 
5' TCAAAGCTGCCTGCGTCGTCTATT 3' 
5' GGTGCGGTGCTCTGCTTTGAA 3' 
At5g02540 251013_at 
5' CTGCAGAAAACGCCAAAACA 3' 
5' CCTGAAGCTGACGGGAGAG 3' 
At5g06330 250724_at 
5' AACGTCTCCGGCAATCCAC 3' 
5' ATAACTCCGGCAGCACTACTCC 3' 
At5g09980 250455_at 
5' CGAAGCAGAATTGAAGAAAAACAT 3' 
5' AAAAATAAAGGACTCGTAGGA 3' 
At5g22500 249895_at 
5' GTTGAGAGCTCCCGACGAAAAAT 3' 
5' CCCGATCCCCGCTGAGAG 3' 
At5g34940 255860_at 
5' ATTTTGGCCATAGTTTTGTTTCTT 3' 
5' TCCCATCGACGCATAGGTAG 3' 
At5g44680 249008_at 
5' GGCCGTCCGGTTCTTCA 3' 
5' TTTTCATTCGATTTTACGGATTTG 3' 
At5g57800 247884_at 
5' GAGTGCAGGGGAACGGAAGA 3' 
5' CCACGGCGACAAAGGTAAAGAG 3' 
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Table 3.7 Primers used for confirmation of DELLA-up genes both in imbibed seeds 
and young flower buds identified by microarray analysis  
Gene ID Probe ID Primer Pairs 
At1g09970 264663_at 
5' ATTGCGGATTTTGGTCTTG 3' 
5' GCTCCTCATCGTCGGTCTTAGT 3' 
At1g15550 261768_at 
5' GGCCCCAACATCACCTCAACTACT 3' 
5' GGACCCCAAAGGAATGCTACAGA 3' 
At1g28360 261496_at 
5' TGGGGTCGCTACGCTGCTGAGATA 3' 
5' AGGCGATGACGTGGCTGTGTTAGG 3' 
At2g18050 265817_at 
5' CTCCGGCGGCGAAGAAGC 3' 
5' CTCAGTGATCAAGCAGCGGAAGC 3' 
At2g18660 266070_at 
5' CTCAAGGAAAAGCTGTCTATT 3' 
5' ATCAACTTCATATCGGTGTG 3' 
At2g26710 267614_at 
5' TCGCCGGGAAACAGACAA 3' 
5' CGAGGCCAAACGGTATGAA 3' 
At2g45210 245136_at 
5' GGGCCAACGTCTCAAGCAAAGT 3' 
5' AAAATGGTAAATGAAAGGGAACAA 3' 
At3g05120 259302_at 
5' TATCGGCGTGCACCAGAGAA 3' 
5' ACCCGCGACAACCACAAGAC 3' 
At3g26290 257628_at 
5' CTTCTGGCCGCCTTCAAAC 3' 
5' ACTTCCCTCAAAACTCACACCAA 3' 
At4g15620 245501_at 
5' GTCGCAAAGCAAACAAAG 3' 
5' TTAATAGCGTCAAGAACAACAA 3' 
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At4g21100 254452_at 
5' ATATTTTGCGGAGTTTTGGAGGTA 3' 
5' GAGCTTGGATTTGCTTCAGTG 3' 
At4g36220 253088_at 
5' GGGCAGCGTTTGGGTCAG 3' 
5' CTTCGGCGAGTTCTTGTTGG 3' 
At5g24160 249775_at 
5' CAATGTGCGCCTGGAAGAA 3' 
5' ATATTTTGCGGAGTTTTGGAGGTA 3' 
At5g46760 248864_at 
5' CCGCCGGAGAAAACTGGACTTAC 3' 
















Table 3.8 Primer pairs used for genotyping SALK T-DNA insertion lines 





SALK_114008 LP 5' TTGATCAGCTTTGAAAATAACAAAAC 3'  
RP 5' TGGAATCGTATTGCCAAAAAG 3' 
SALK_006901 LP 5' CGCTAGGTTCAAAATTGCATG  3'  





LP 5' TTAAAGCAAATTTGCATTTCG 3'   
RP 5' TATTTTAAGCTACGGCGATGC 3'   
SALK_048592 LP 5' CAAAGATATTCAAAGGCAATACCC 3'   





LP 5' AGGAGCTTGTGGAGTCTGATG  3'  
RP 5' CACCGTTTTCAACTAATAGTTGAGG  3'  
MYBGL1 
At3g27920 
SALK_094929 LP 5' ATGTACCTATTGCCGAGGAGC 3'   
RP 5' GGAAAGGAGAACCATTTCATTG 3'   
SALK_ 048028 
 
LP 5' TCGTAGTCAACTCCACAACCG 3' 





LP 5' AAAAGATGATTGGAGAAAGAAAACAC 
3'   
RP 5' TCACTGTGTTATCTCCGGTGG  3'  
SALK_040500 LP 5' TGAATTATTAGCAACGACTCACG  3' 
RP 5' TTTTCCTGTACTCCTGATCCG 3'   
AtMYC2 
At4g17880 
SALK_061267 LP 5' CTCGAGCTGGTTCTTGATTTG  3'  
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RP 5' TGGTTTTTCTTGGTTTCGATG 3'   
SALK_017005 LP 5' GCAACCGTCGTATGATTTCTC  3'  
RP 5' CTGCTACTTCTTTCACGACGG  3'  
AtMYC4 
At1g32640 
SALK_052158 LP 5' TTTATGCGATTCCGAAATGTC  3'  
















Table 3.9 Primer pairs used for RT-PCR of candidate DELLA-regulated genes 
 
Gene Name  Gene ID Primer Pairs 
MYB66 At5g14750 5' ATGAGAAAGAAAGTAAGTAGTAGT 3'   
5' TCAAAAACAGTGTCCATCTA 3'   
MYB34 At5g60890 5' CGTGTTCATCGTCAAAAGAG 3'   
5' ATTTTTACAACAGCACATTATTT 3'   
MYB23 At5g40330 5' AGAATGACAAGAGATGGAAAAGAA 3'   
5' TTAGTAAAATCCATCATAGTG 3'   
MYBGL1 At3g27920 5' ATGAGAATAAGGAGAAGAGATGAA 3'   
5' CTAAAGGCAGTACTCAACATCA 3'   
AtMYC3 At5g46760 5' TCAACAACGGTGGTGGAAACA 3'   
5' CTCCCCATCTTCACCGTAGC 3'   
AtMYC4 At4g17880 5' GGTGATGAATAATGGTGGAAATGA 3'   
5' CAAGCATTCAATAGCAACAAGTGG 3'   
AtMYC2 At1g32640 5' GAGCCGATCCGACAGAGTTC 3'   








Chapter 4 Genetic study of the roles of four DELLA 
proteins in light- and GA-regulated seed germination 
 
4.1 Introduction 
GA is an essential endogenous regulator that promotes seed germination, stem 
elongation and floral development. In recent years, several GA-signaling components 
have been identified, including a group of negative regulators called DELLA proteins 
(Peng et al., 1997; Silverstone et al., 1998; Richards et al., 2001). DELLA proteins form a 
sub-family of the GRAS family of putative transcription factors. There are five members 
in the DELLA family in Arabidopsis: GAI, RGA, RGL1, RGL2 and RGL3 (Peng et al., 
1999a; Richards et al., 2000; Dill and Sun, 2001; Lee et al., 2002; Wen and Chang, 2002). 
Genetic studies have revealed RGL2 encodes the major negative regulator of seed 
germination. The germination of RGL2 Ds-insertion knockout mutant alleles, rgl2-1, 
rgl2-5 and rgl2-12, is strongly resistant to paclobutrazol (PAC), which can inhibit 
germination by inhibiting GA biosynthesis. Furthermore, rgl2-1 and rgl2-12 suppresses 
the non-germinating phenotype conferred by the mutant ga1-3 (Lee et al., 2002; Tyler et 
al., 2004). However, the germination capacity of ga1-3 rgl2-1 double mutant seed is not 
as good as that of the wild type seed, especially in the dark. It remains unclear whether 
other negative regulators of seed germination exist. 
Since RGA, GAI, RGL1 and RGL3, like RGL2, are all highly expressed in the 
imbibed seeds (Lee et al., 2002; Tyler et al., 2004; Bassel et al., 2004), it is possible that 
RGA, GAI, RGL1 and RGL3 likely play a role in seed germination. However, mutations 
 80
in GAI (e.g gai-t6), RGA (e.g rga-t2), RGL1 (e.g rgl1-1) or RGL3 (e.g rgl3-3) could not 
suppress the non-germinating phenotype of ga1-3 (Lee et al., 2002; Tyler et al., 2004), 
suggesting these four DELLA genes might play a role during seed germination only under 
specific conditions or their functions are highly redundant. It is well-known that 
Arabidopsis seeds germinate poorly in the darkness (Hennig et al., 2002), suggesting that 
light can mobilize a pathway to promote seed germination. GA can substitute light to 
promote seed germination in the dark, indicating that light probably promotes seed 
germination at least in part through GA signaling pathway. However, it is not known if 
the signal flow from light to GA to seed germination involves in modification of the 
function of DELLA proteins. In this chapter, various combinations of loss-of-function 
mutations in DELLA genes on the ga1-3 background were used to determine the roles of 
GAI, RGA, RGL1 and RGL2 in regulation of seed germination both in the light and 
darkness. The results showed that, both in the light and darkness, RGL2 plays a 
predominant role in repressing seed germination. Furthermore, RGA and GAI are 
probably light-labile factors that team up with RGL2 to repress seed germination, 
especially in the darkness. Loss-of-function of GAI, RGA, RGL1 and RGL2 leads to both 
light- and GA-independent seed germination. 
 
4.2 Results 
4.2.1 RGL2 is the predominant repressor of seed germination in the light 
As mentioned earlier, even provided with favorable environmental cues, GA-deficient 
mutant ga1-3 seeds do not germinate without the presence of exogenous GA (Koornneef 
and Karssen, 1994; Koornneef et al., 1982; Lee et al., 2002) or unless the seed coat is 
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removed manually or chemically (Bassel et al., 2004). Thus the ga1-3 mutant can be 
adopted as a good system to identify factors that repress seed germination both in the 
light and darkness (Koornneef and Karssen, 1994). Previous studies have shown that 
mutations in RGL2 gene suppressed the non-germinating phenotype of the ga1-3 seeds in 
the light. To investigate if any other DELLA proteins, either individually or combined, 
function as additional repressive factors during seed germination, the germination 
potentials of loss-of-function mutants of DELLA genes on the ga1-3 background were 
examined. The 3-month-old ga1-3 rgl2-1 double mutant seeds failed to germinate when 
seeds were not chilled or chilled for one day at 4oC. However, the germination rate 
increased significantly in the light (44%) when ga1-3 rgl2-1 seeds were chilled for 4 days 
at 4oC (Figure 4.1). Under all chilling conditions, ga1-3 rgl2-1 seeds failed to germinate 
in the darkness. All other double mutants, ga1-3 gai-t6, ga1-3 rga-t2 and ga1-3 rgl1-1 
failed to germinate either in the light or darkness at all chilling conditions (Figure 4.1). 
These results suggest that RGL2 is a key repressor of seed germination in the light but 
likely works together with other redundant genes to control seed germination in the dark. 
So we continued to examine the germination capacity of pair-wise combinations of 
DELLA mutations on the ga1-3 background. 
 
4.2.2 GAI, RGA and RGL1 enhance the function of RGL2 to repress seed 
germination  
The germination potentials of the pair-wise combinations of DELLA mutations on the 
ga1-3 background were further examined. ga1-3 seeds lacking GAI and RGL1, or RGA 











Figure 4.1 Analysis of germination capacity of ga1-3 seeds (dry stored for three months) 
lacking of individual DELLA proteins. Seeds were not chilled (0 day) or chilled for one 
day (1 day) or 4 days before allowed to germinate in the light (L) or darkness (D). All 
doubles failed to germinate under our testing conditions except the ga1-3 rgl2-1 double 
that germinated when seeds were chilled at 4°C for four days. In each experiment, 50 to 
100 seeds were scored per genotype. The germination percentages are the means of three 
independent experiments. Error bars indicate the SE of the mean. All tests yielding 
















condition, ga1-3 seeds lacking GAI and RGA germinated at a low but consistent rate (7%, 
seeds without chilling) in repeated experiments, suggesting that GAI and RGA do play a 
role in seed germination (Figure 4. 2). As described above, ga1-3 seeds lacking RGL2 
alone failed to germinate when seeds were not chilled even in the light (Figure 4.1). In 
contrast, even without cold treatment, ga1-3 seeds lacking RGA and RGL2, or GAI and 
RGL2, or RGL1 and RGL2 all showed high germination rates (96%, 58% and 23%, 
respectively) in the light (Figure 4. 2). The high germination rates in the light displayed 
by these lines even without cold treatment suggests that RGL2 works together with other 
DELLA genes in repressing seed germination. In addition, ga1-3 rga-t2 rgl2-1 displayed 
higher germination rates than that of ga1-3 gai-t6 rgl2-1 followed by that of ga1-3 rgl1-1 
rgl2-1, suggesting that RGA is a stronger repressor followed by the order of GAI and 
RGL1 (Figure 4. 2). However, all of these pair-wise combinations had very little effect on 
the germination of ga1-3 seeds in the dark because all these mutant lines failed to 
germinate in the dark conditions (Figure 4. 2). These results suggest that if seed 
germination is completely controlled by DELLA proteins, there must be at least three 
DELLAs working together in the dark conditions to repress seed germination. 
 
4.2.3 RGL2 functions with RGA and GAI to repress seed germination in the dark  
To study if any three-way combination of mutations of GAI, RGA, RGL1 and RGL2 can 
restore the dark germination of the ga1-3 seeds, the germination potentials of ga1-3 seeds 
lacking all possible three-way combinations of these four DELLA genes were examined.  
ga1-3 seeds lacking of GAI, RGA and RGL1 failed to germinate either in light or dark 










Figure 4.2 Analysis of germination capacity of ga1-3 seeds (dry stored for 5 months) 
lacking of pair-wise combinations of DELLA proteins. Seeds were not chilled (0 day) or 
chilled for one day (1 day) before allowed to germinate in the light (L) or darkness (D). 
All triple mutants lacking of RGL2 germinated in the light but not in the darkness. All 
triple mutants containing RGL2 wild type protein failed to germinate or germinated 
poorly under our testing conditions. In each experiment, 50 to 100 seeds were scored per 
genotype. The germination percentages are the means of three independent experiments. 
Error bars indicate the SE of the mean. All tests yielding germination less than 2% were 















encodes the predominant GA-response repressor of seed germination (Figure 4. 3). 
Lacking RGA, RGL1 and RGL2 or GAI, RGL1 and RGL2, greatly restored the 
germination capacity of ga1-3 seeds in the light even without chilling (97% and 58%, 
respectively), however, these lines failed to germinate in the dark (Figure 4. 3). On the 
other hand, ga1-3 seeds lacking GAI, RGA and RGL2 (quadruple mutant ga1-3 gai-6 rga-
t2 rgl2-1) displayed similar high germination rates both in the light and in the dark (71% 
and 70%, respectively when without cold treatment) (Figure 4. 3). The genetic data 
presented strongly suggest that GAI and RGA team up with RGL2 to repress seed 
germination in the dark. 
 It is interesting to note that ga1-3 rga-t2 rgl1-1 rgl2-1 and ga1-3 gai-t6 rgl1-1 rgl2-1 
quadruple mutants germinated in the light but not in the dark whilst ga1-3 gai-t6 rga-t2 
rgl2-1 quadruple mutant germinated both in the light and dark. These genetic data 
suggest that GAI and RGA are probably light labile factors. Light may, in a GA-
independent fashion, trigger the down-regulation of GAI and RGA transcripts or the 
destabilization or inactivation of GAI and RGA proteins to induce the germination of 
ga1-3 rga-t2 rgl1-1 rgl2-1 and ga1-3 gai-t6 rgl1-1 rgl2-1 quadruple mutants in the light, 
respectively. Whilst in the dark, GAI or RGA alone can effectively repress the 
germination of ga1-3 rga-t2 rgl1-1 rgl2-1 and ga1-3 gai-t6 rgl1-1 rgl2-1, respectively. In 
this scenario, the quadruple mutant ga1-3 gai-t6 rga-t2 rgl2-1 is expected to germinate 
not only in the light but in the dark as well. To determine if light induced germination of 
ga1-3 rga-t2 rgl1-1 rgl2-1 and ga1-3 gai-t6 rgl1-1 rgl2-1 quadruple mutants is caused by 
triggering the down-regulation of RGA or GAI transcripts, total RNA were respectively 













Figure 4.3 Analysis of germination capacity of ga1-3 seeds (dry stored for 5 months) 
lacking of three-way combinations of DELLA proteins. Seeds were not chilled (0 day) or 
chilled for one day (1 day) before allowed to germinate in the light (L) or darkness (D). 
Only the ga1-3 rgl2-1 rga-t2 gai-t6 quadruple germinated not only in the light but in the 
darkness as well. In each experiment, 50 to 100 seeds were scored per genotype. The 
germination percentages are the means of three independent experiments. Error bars 
indicate the SE of the mean. All tests yielding germination less than 2% were treated as 

















rgl2-1 (for detecting RGL1 transcript), ga1-3 gai-t6 rga-t2 rgl1-1 (for detecting RGL2 
transcript), ga1-3 gai-t6 rgl1-1 rgl2-1 (for detecting RGA transcript) and ga1-3 rga-t2 
rgl1-1 rgl2-1 (for detecting GAI transcript) treated either in the light or dark.  
Examination of the levels of transcripts of GAI, RGL1, or RGL2 in these samples via RT-
PCR did not reveal obvious changes except RGA whose expression was slightly down-
regulated under the light condition (Figure 4. 4). Our result suggests that the effect of 
light on GAI and RGA is likely at the protein level. However, we are currently unable to 
determine if light might modulate GAI and RGA activities by triggering protein 
degradation or modification. 
 
4.2.4 Combination of loss-of-function of GAI, RGA, RGL1 and RGL2 leads to both 
light- and GA-independent seed germination 
Although ga1-3 seeds lacking GAI, RGA and RGL2 germinated at high rates in the dark, 
germination rates were consistently less than 100% if geminated without cold treatment 
(Figure 4.4), suggesting that other DELLA genes (e.g RGL1 or RGL3) might be also 
involved. Analysis of the germination of ga1-3 seeds lacking four of the five DELLA 
genes (ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 penta mutant) showed that this line consistently 
germinated 100 percent both in the light and dark without chilling (Figure 4.5), 
demonstrating that RGL1 enhances the function of GAI, RGA and RGL2 in repressing 
seed germination in the dark. Absence of GAI, RGA, RGL1 and RGL2 confers light-, 
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Figure 4.4 Light has minimum effect on the transcript levels of DELLA genes. Total 
RNA was extracted from seeds of different mutant lines treated either in the light  (L) or 
darkness (D) at 4oC for 4 days followed by incubating at 23oC for 6 hrs. RT-PCR was 
performed as described. The quadruple mutant ga1-3 rgl2-1 rga-t2 gai-t6 (Q2) was used 
for the detection of RGL1 transcript, ga1-3 rgl1-1 rga-t2 gai-t6 (Q1) for RGL2 transcript, 
ga1-3 rgl1-1 gai-t6 rgl2-1 (Q3) for RGA transcript and ga1-3 rgl1-1 rga-t2 rgl2-1 (Q4) 
for GAI transcript. The expression of these four DELLA genes in the ga1-3 seeds was 
used as the control. The expression of ACTIN gene was used as the normalization control. 
G: ACTIN genomic DNA fragment containing the second intron as a control to exclude 



























Figure 4.5 Combination of loss-of-function of RGL2, RGA, GAI and RGL1 leads to both 
light- and GA-independent seed germination. Seeds were not chilled (0 day) or chilled for 
one day (1 day) before allowed to germinate. ga1-3 seeds lacking of all four DELLA 
proteins germinated 100% either in the light (L) or darkness (D). WT data set is the same 
as that used in Figure 2. The germination percentages are the means of three independent 
experiments. In each experiment, 50 to 100 seeds were scored per genotype. Error bars 


















4.2.5 Combination of loss-of-function of GAI, RGA, RGL1 and RGL2 results in 
embryos with elongated epidermal cells 
It is well documented that GA induces the production of enzymes to weaken the 
endosperm and seed coat to facilitate the seed germination (Groot and Karssen, 1987; 
Bewley, 1997; Peng and Harberd, 2002). However, it is arguable if GA is needed to 
promote the embryo axis (hypocotyls plus radicle) elongation to promote the seed 
germination (Bassel et al., 2004). To answer if absence of DELLA protein would 
promote cell elongation in the embryo axis as it did in the stamen (Cheng et al., 2004), 
we examined the epidermal cells of 79 freshly harvested seeds of ga1-3 gai-t6 rga-t2 
rgl1-1 rgl2-1 penta mutant under the scanning electromicroscope (SEM). SEM analysis 
showed that the embryos of penta mutant seeds can be morphologically classified into 
three categories. Seeds in the first category (25%) had longer and fatter embryo axis than 
the wild type control but the overall look of the embryo resembled the wild type control 
(Figure 4.6a and Figure 4.6b). Majority of seeds belong to the second category (67%) and 
seeds in this category had exaggeratedly elongated embryo axis that was irregularly 
packed within the seed coat (Figure 4.6c). The longer embryo axis is the result of the 
increased elongation growth of hypocotyl epidermal cells in the penta mutant (Figure 
4.6c). Seeds in the third category (8%) are smaller in size and irregular in shape and a 
proportion of these seeds had radicle protruded outside of the seed coat even in the 
silique (Figure 4.6d). In addition, measurement of the length of epidermal cells in freshly 
harvested seeds showed that the average cell length was 13.77 μm in WT (averaged from 
1180 cells from 45 seeds), 15.79 μm (first category, 1245 cells from 43 seeds) and 24.59 


















Figure 4.6a-d Combination of loss-of-function of RGL2, RGA, GAI and RGL1 promotes 
the elongation growth of the epidermal cells. Freshly harvested seeds were used for the 
SEM analysis. a WT control. b Representative of seeds in the first category (25%). The 
penta mutant seed displayed longer embryo axis but its overall outlook resembled the WT 
control. c Representative of seeds in the second category (67%). The penta mutant seed 
displayed exaggeratedly elongated embryo axis due to the increased elongation growth of 
hypocotyl epidermal cells. The embryo axis is irregularly packed within the seed coat. d 
Representative of seeds in the third category (8%). The mutant seed germinated 
















absence of DELLA proteins promotes the epidermal cell elongation growth in the 
embryonic hypocotyl. Though not to the dramatic extent as observed in the stamen 
(Cheng et al., 2004), the increase in the length of embryo axis together with the possible 
constitutive production of digesting enzymes are enough, upon imbibition, to potentialize 
the germination of a penta mutant seed to become light- , cold- and GA-independent.  
 
4.3 Discussion 
Compared with the wild type, the GA-deficient mutant ga1-3 does not germinate even 
under optimal environmental conditions unless exogenous bioactive GA is applied. Thus, 
the ga1-3 mutant can be used as a good system to identify factors that repress 
germination both in the light and dark (Koornneef and Karssen, 1994). There are several 
ways to identify such factors. One way is to screen for secondary mutations that can 
suppress the non-germinating phenotype of ga1-3. In fact, spy1 and a number of ABA-
deficient mutants were identified in this way (Koornneef et al., 1982; Rock and Zeevaart, 
1991; Jacobsen and Olzewski, 1993; Koornneef and Karssen, 1994). Surprisingly, RGL2 
was not identified in these screens (Lee et al., 2002; Tyler et al., 2004). Considering the 
fact that rgl2-1 only weakly suppresses the non-germinating phenotype of ga1-3, the 
possible explanation is that this strategy used may not be suitable to identify functional 
redundant factors important for the process. In this thesis, by taking the advantage of the 
availability of mutant lines harboring different combinations of DELLA mutations on the 
ga1-3 mutant background, we investigated if GAI, RGA and RGL1 are also involved in 
regulating seed germination. Examination of ga1-3 seeds lacking individual DELLA 
genes found that only ga1-3 lacking RGL2 (ga1-3 rgl2-1 double) but not GAI, or RGA or 
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RGL1 (ga1-3 gai-t6, ga1-3 rga-t2 and ga1-3 rgl1-1 doubles) germinated in the light if 
seeds were chilled at 4oC for 4-7 days. In addition, only triple mutants (ga1-3 rga-t2 rgl2-
1, ga1-3 gai-t6 rgl2-1 and ga1-3 rgl1-1 rgl2-1) and quadruple mutants (ga1-3 gai-t6 rga-
t2 rgl2-1, ga1-3 rga-t2 rgl1-1 rgl2-1 and ga1-3 gai-t6 rga-t2 rgl1-1) lacking RGL2 
suppressed the non-germinating phenotype of ga1-3 and conferred high germination rates. 
On the contrary, triple mutants (ga1-3 gai-t6 rga-t2, ga1-3 rga-t2 rgl1-1 and ga1-3 gai-t6 
rgl1-1) and quadruple mutant (ga1-3 gai-t6 rga-t2 rgl1-1) containing wild type RGL2 all 
failed to germinate in the light when seeds are not chilled or even chilled for one day at 
4oC. Results shown here confirm that RGL2 encodes the key repressor of seed 
germination in Arabidopsis (Lee et al., 2002; Tyler et al., 2004). Although triple mutants 
ga1-3 rga-t2 rgl2-1, ga1-3 gai-t6 rgl2-1 and ga1-3 rgl1-1 rgl2-1 germinated as did ga1-3 
rgl2-1 double in the light, the triple mutants showed high germination rates even under 
the condition of imbibed without chilling and this is in significant contrast to the need of 
prolonged chilling period (4-7 days) for ga1-3 rgl2-1 double, suggesting that RGA, GAI 
and RGL1 all encode negative regulators that enhance the function of RGL2 to repress 
seed germination in Arabidopsis. In addition, the germination rate of ga1-3 rga-t2 rgl2-1 
was consistently higher than that of ga1-3 gai-t6 rgl2-1 followed by ga1-3 rgl1-1 rgl2-1, 
suggesting that RGA is the second to RGL2, followed by GAI and RGL1, as the GA-
response negative regulator for seed germination. Our genetic data directly contradicts 
with the conclusion made by Bassel and his colleagues that the down-regulation of 
DELLA genes is not essential for germination of Arabidopsis seeds (Bassel et al., 2004). 
Noteworthily, Bassel and colleagues checked only RGL2 transcript level instead of 
protein level. On the other hand, Tyler and colleagues provided strong evidence to show 
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that RGL2 protein, as for GAI and RGA, is subject to GA-regulated degradation probably 
via SCF-SLY1 pathway (Tyler et al., 2004). Combined all data available, it is reasonable 
to propose that GA relieves DELLA repression of germination by triggering DELLA 
protein degradation.  
Surprisingly, ga1-3 rgl2-1 germinates only in the light but not in the dark. Further 
analysis showed that three triple mutants (ga1-3 rga-t2 rgl2-1, ga1-3 gai-t6 rgl2-1 and 
ga1-3 rgl1-1 rgl2-1) and two quadruple mutants (ga1-3 rga-t2 rgl1-1 rgl2-1 and ga1-3 
gai-t6 rgl1-1 rgl2-1) also germinated only in the light but not in the darkness. However, 
ga1-3 gai-t6 rga-t2 rgl2-1 quadruple mutant germinated at a high rate not only in the 
light but in the darkness as well. These observations enable us to propose that light can 
probably trigger the down-regulation (protein degradation) or inactivation (protein 
modification) of GAI and RGA proteins whereas RGL2 protein is relatively insensitive to 
light treatment. In this scenario, it is explainable that ga1-3 seeds normally cannot 
germinate in any conditions since RGL2 is kept at high levels both in the light and 
darkness. When RGL2 function is removed, ga1-3 seeds can germinate in the light 
because light triggers the down-regulation or inactivation of GAI and RGA proteins but 
cannot germinate in the darkness because these light-labile repressors remain at high 
levels in the dark. In the ga1-3 gai-t6 rga-t2 rgl2-1 quadruple mutant the restraint of GAI, 
RGA and RGL2 has been removed away and mutant seeds germinate in the dark even 
without GA. 
We know that both light as the external cue and GA as the internal cue are important to 
promote seed germination. Studies over the last decade showed that both pathways are 
mediated by families of multiple members of redundant function (e.g five phytochomes 
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for the light signaling and five DELLA proteins for the GA signaling). Previous report 
showed that absence of PHYA, PHYB and PHYE reduced the germination capability of 
Arabidopsis seeds (Shinomura et al., 1994; Shinomura et al., 1996; Hennig et al., 2002), 
implying phytochromes positively regulate seed germination. Recently, a phytochrome-
interacting protein PIL5 has been identified as a negative regulator of seed germination in 
Arabidopsis, which provides further indication for light promotion of germination via 
phytochromes (Oh et al., 2004). Here we provide strong evidence to show that light 
promotes seed germination, at least in part, probably through altering GA sensitivity as 
well by inactivating or destabilizing GAI and RGA proteins. One possibility is that light 
induces the expression of AtGA3ox1 and AtGA3ox2 that will then results in an increase of 
de novo biosynthesis of bioactive GAs to destabilize DELLA proteins to promote seed 
germination (Yamaguchi et al., 1998; Silverstone et al., 2001; Fu et al., 2004; Tyler et al., 
2004). The intriguing question is how DELLA proteins are inactivated or destabilized by 
light if considering the fact that all our tests were carried out on the background of severe 
GA-deficient mutant ga1-3. Besides, which factor(s) mediate(s) the light-induced 
degradation of RGA and GAI? One candidate could be PHOR1, a U-box E3 ligase 
(Monte et al., 2003), that links GA and light to regulate tuberlization in potato (Amador 
et al., 2001). Thus, it seems that the inactivation or down-regulation of DELLA proteins 
is not only triggered by GA but possibly directly by light or cold treatment as well. 
Future work will focus on the biochemical mechanism of the effect of light on RGA and 
GAI proteins. In seeds, down-regulation or inactivation of DELLA activities triggered by 
light or cold treatment will enhance the flow of GA signals that would, in turn, stimulate 
the growth of the embryo and the elongation of the hypocotyl and would induce the 
 102
production of enzymes for the degradation of the cell wall of endosperm and seed coat to 
facilitate the protrusion of the radicles. Therefore, DELLA proteins probably act as 
integrators of environmental and endogenous cues to regulate seed germination.  
All the works in this chapter focused mainly on the physiological roles of DELLA 
proteins. As a group of negative regulators, the downstream events of DELLAs have 
never been studied. In the next chapter, the penta mutant in which four DELLA genes 

















Chapter 5 Identification of DELLA-dependent 
transcriptomes involved in seed germination 
5.1 Introduction 
As described earlier, DELLA protein RGL2 is the key repressor of seed germination and 
this function is enhanced by GAI and RGA (Lee et al., 2002; Tyler et al., 2004; Cao et al., 
2005). In addition, RGA, RGL1 and RGL2 act together to repress flower initiation 
(Cheng et al., 2004). In fact, loss-of-function of four DELLA genes restored almost all the 
phenotype caused by ga1-3. In the absence of exogenous GA, ga1-3 plants lacking of 
four DELLA proteins GAI, RGA, RGL1 and RGL2 (i.e ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 
mutant line) can germinate, bolt and produce fully developed fertile flowers as the wild 
type (WT) control. These facts suggest that DELLAs are functionally redundant factors 
and they act as the central signaling molecules in GA-mediated seed germination, stem 
elongation and floral development pathways (Cheng et al., 2004; Yu et al., 2004; Tyler et 
al., 2004; Cao et al., 2005). However, as a group of putative transcription regulators 
(Pysh et al., 1999; Richards et al., 2000), the molecular mechanism of DELLAs 
repressing plant growth is largely unknown. For example, if DELLAs simply control the 
expression of a similar set of genes to repress seed germination, stem elongation and 
floral development or they mobilize different subsets of genes in the genome to modulate 
these different processes. Meanwhile, it is of our great interest to know if all GA-
regulated genes are GA-regulated in a DELLA-dependent fashion. 
To answer the above questions, one way is to compare the gene expression patterns in the 
ga1-3 mutant to that in the plants of no DELLA activity in the ga1-3 background. The 
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ga1-3 mutant fails to germinate and is retarded in floral development, suggesting that the 
transcriptome for germination and floral development in the ga1-3 mutant must be kept at 
a repressive state (Ogawa et al., 2003). On the other hand, the fact that the ga1-3 gai-t6 
rga-t2 rgl1-1 rgl2-1 mutant confers GA-independent seed germination and flowering 
suggests that in this mutant line the transcriptomes responsible for germination and floral 
development must have been constitutively activated. Based on these propositions, it is 
reasonable to speculate that genes normally up-regulated by GA would express at lower 
levels in ga1-3 and the stabilized high levels of DELLA repressors in ga1-3 would be 
responsible for a proportion of these lower expressed genes (Lee et al., 2002; Tyler et al., 
2004). Therefore, the ones that are genuinely repressed, directly or indirectly, by 
DELLAs will be restored to WT levels or even higher in the ga1-3 gai-t6 rga-t2 rgl1-1 
rgl2-1 mutant because this mutant line is absent of four DELLA proteins. Vice versa, 
genes activated by DELLAs might express at higher levels in ga1-3 and will be brought 
back to WT levels or even lower in the ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 mutant. 
Therefore, comparing the expression profiles in ga1-3 with that in the ga1-3 gai-t6 rga-t2 
rgl1-1 rgl2-1 mutant and that in the WT would help to identify the set of DELLA-
dependent transcriptomes essential for seed germination and floral development.  
In this chapter, we first identified GA-regulated (both up- and down-regulated) 
transcriptomes in both imbibed seeds and young flower buds by comparing the 
expression patterns between the ga1-3 mutant and WT control ( the experiments using 
imbibed seed were done by me and the ones using young flower bud were done by my 
colleague, Cheng Hui; see Cao et al., 2006). Then we identified DELLA-dependent (both 
up- and down-regulated) transcriptomes by finding out the subgroup of GA-regulated 
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genes with their expression restored to the WT levels in the ga1-3 rga-t2 gai-t6 rgl1-1 
rgl2-1 mutant. Finally we compared the GA-dependent transcriptomes involved in seed 
germination and flower initiantion.  
 
5.2 Results 
5.2.1 Identification of DELLA-dependent transcriptomes for seed germination 
Attempts were made to identify the DELLA-dependent transcriptome controlling seed 
germination by using oligonucleotide-based DNA microarray analysis (Affymetrix 
genechip, carrying 23,000 genes). Seeds of the WT, ga1-3 and ga1-3 gai-t6 rga-t2 rgl1-1 
rgl2-1 were imbibed at 4˚C for 96h under continuous white light. The cold treatment was 
included because it enhances both the biosynthesis of GA in seeds and the tissue 
sensitivity to GA so that it promotes and synchronizes seed germination (Ogawa et al., 
2003; Yamauchi et al., 2004). Total RNA was separately extracted from these different 
seed samples and used for microarray analysis to compare their global gene expression 
profiles as described in Chapter 3. Three microarray replicates for each of the three 
genotypes in seeds were performed. To minimize the variation caused by individual 
hybridization, only genes with a logarithm base 2 of the signal ratio of WT vs ga1-3 more 
than 1 (two folds higher) or less than -1 (two folds lower) in all three replicates were 
referred to as GA-up-regulated (GA-up) or GA-down-regulated (GA-down), respectively. 
Data analysis using the above criteria identified a total of 541 genes as GA-up and 571 
genes as GA-down in ga1-3 seeds when compared to the WT control.  
We then compared the gene expression patterns between ga1-3 and the ga1-3 gai-t6 rga-
t2 rgl1-1 rgl2-1 mutant and found that, out of the 541 GA-up genes in ga1-3 seeds, 
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mRNA levels of 360 genes (67%) were at least 2-fold higher in the ga1-3 gai-t6 rga-t2 
rgl1-1 rgl2-1 mutant than that in ga1-3 (Table 5.1), while the remaining 181 genes did 
not show significant changes in their expression, suggesting that these 360 genes are 
normally negatively regulated by DELLAs to repress seed germination. These 360 genes 
are considered to be DELLA down-regulated (DELLA-down) and the 181 genes to be 
DELLA-independent or -partially-dependent GA-regulated genes. Meanwhile, out of the 
571 GA-down genes in ga1-3 seeds, mRNA levels of 251 genes (44%) were 2-fold lower 
in the ga1-3 gai-t6 rga-t2 rgl1-1 rgl2-1 mutant than that in ga1-3 (Table 5.1) while the 
remaining 320 genes did not show significant changes in their expression, suggesting that 
these 251 genes are normally positively regulated by DELLAs to repress seed 
germination. These 251 genes are considered to be DELLA-up-regulated (DELLA-up) 
and the 320 genes to be DELLA-independent or -partially-dependent GA-regulated genes. 
To confirm our microarray data, candidate genes were randomly chosen from the 
DELLA-down and -up gene list, respectively, and were subjected to RT-PCR analysis 
using RNA samples independently prepared. The result showed that all 43 genes from the 
DELLA-down gene list were expressed at higher levels in seeds of both WT and the ga1-
3 gai-t6 rga-t2 rgl1-1 rgl2-1 mutant than that in the ga1-3 seeds whilst expression levels 
of 31/33 genes from the DELLA-up gene list were lower in both WT and the ga1-3 gai-t6 
rga-t2 rgl1-1 rgl2-1 mutant than that in ga1-3, exhibiting patterns similar to that observed 
in the microarray analysis (Figure 5.1A and 5.1B). The high percentage of confirmation 











Figure 5.1. RT-PCR confirmation of DELLA-down and DELLA-up genes in the 
imbibed seeds. A, DELLA-down genes. B, DELLA-up genes. RT-PCR analysis was 
repeated on three independent samples and a representative ethidium bromide gel picture 
is shown here. Corresponding gene locus identity (Gene ID) is provided. Two genes 
(At1g21680 and At3g22490) in panel B were confirmed in only one of the three repeats 
but not in other two repeats and were highlighted with asterisk. Primer pairs for each 
individual gene are listed in Table 3.4 and Table 3.5. penta: ga1-3 gai-t6 rga-t2 rgl1-1 
rgl2-1 penta mutant. ACT2 (ACTIN 2 gene) and UBQ10 (UBIQUITIN 10 gene) were used 
















5.2.2 Ontology analysis of DELLA-dependent transcriptomes for seed germination 
The 360 DELLA-down genes and 251 DELLA-up genes were subjected to gene ontology 
analysis using the tools and information provided by Affymetrix (NetAffx Gene 
Ontology Mining Tool), respectively. Among the 360 DELLA-down genes, 257 genes 
have each been assigned a putative molecular function based on amino acid homology 
and the rest 103 genes are recorded as functionally unassigned putative genes (NetAffx 
Gene Ontology Mining Tool). Ontology analysis showed that the largest group of 
DELLA-down genes belongs to the enzyme genes (total 162 genes, encoding hydrolase, 
transferase and oxidoreductase etc) responsible for the biosynthesis and metabolism of 
carbohydrate, protein, nucleotide/nucleic acid and lipid (Table 5.2), suggesting the 
importance of mobilization of food reserves during seed germination. The second largest 
group of DELLA-down genes contains genes encoding proteins with binding activity to 
nucleic acid, nucleotide, ion, and protein binding (total 96 genes; Table 5.2). Further 
examination of our dataset revealed that seven xyloglucan endo-1,4-beta-D-glucanase 
genes, five expansin genes, six pectinesterase genes, two endo-1,4-beta-glucanase genes 
and one 1,4-beta-mannan endohydrolase gene (Table 5.3) were DELLA-down genes. 
These genes encode well-known factors presumably associated with weakening of the 
tissue surrounding the embryo to facilitate the embryo growth and radicle protrusion 
(Bewley, 1997; Chen and Bradford, 2000; Chen et al., 2002), suggesting that 
derepressing DELLA function by GA is crucial for the expression of these important cell 
wall-modifying factors. Interestingly, three alpha-tubulin genes (TUA2, TUA4, and TUA6) 
and four beta-tubulin genes (TUB1, TUB5, TUB6 and TUB7) were found as DELLA-
down genes (Table 5.3), suggesting that DELLA-mediated re-orientation of cytoskeleton 
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might be a key event following cell wall modification during seed germination (Yuan et 
al., 1994). In addition, ontology analysis showed that seven MYB family genes (e.g MYB4, 
MYB25, MYB30, MYB34, MYB66), four bHLH family genes (e.g SPATULA) and four 
putative zinc-finger family genes are also found as DELLA-down genes (Table 5.3). 
SPATULA (At4g36930) has previously been shown to act as a repressor of seed 
germination, probably through repressing the expression of GA3 oxidase (GA3ox) 
(Penfield et al., 2005).  
Among the 251 DELLA-up genes, 150 genes have each been assigned a putative 
molecular function and 101 genes are recorded as expressed putative genes. As observed 
for the DELLA-down genes, the two largest groups of DELLA-up genes are genes 
encoding enzymes (total 85 genes) and proteins with binding activities (total 79 genes) 
although the total number of DELLA-up enzyme genes (85 genes) is far less than the 
DELLA-down enzyme genes (162 genes) (Table 5.2). Detailed ontology analysis showed 
that DELLA-up enzyme genes are mainly for encoding oxidoreductase (30 genes) and 
transferase (20 genes) whilst majority of DELLA-down genes are for hydrolase (70 
genes), transferase (50 genes) and oxidoreductase (23 genes) (Table 5.2). This result 
suggests that 1) the activity of food metabolism is kept at a low level whilst 2) the 
biosynthetic pathways and energy production pathways are likely redirected to use a 
different set of enzymes in the imbibed ga1-3 seeds. Surprisingly, a significant number of 
genes related to phytohormonal response (e.g response to ABA, auxin and ethylene) and 
stress response/defense were identified as DELLA-up genes. These genes include 10 
ABA-related genes such as responsive to dessication 29B (RD29B, At5g52300) (Uno et 
al., 2000), ferric iron binding gene ATFER2 (At3g11050) (Petit et al., 2001), late 
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embryogenesis abundant M10 (At2g41280) (Raynal et al., 1999) etc. Seven auxin-related 
genes including AUXIN RESPONSE FACTOR 10 (ARF10) (At2g28350) (Wang et al., 
2005), IAA-LEUCINE RESISTANT 1 (ILR1) (At3g02875) (LeClere et al., 2002), IAA-
amido synthase GH3.4 (At1g59500) (Staswick et al., 2005), a putative auxin-regulated 
protein gene (At2g45210) and five ethylene-related genes including ethylene responsive 
element binding factor ATERF2 (At5g47220) (Fujimoto et al., 2000), ethylene insensitive 
3 (EIN3) (At5g10120) (Riechmann et al., 2000), ethylene response factor ERF12 
(At1g28360) (Ohta et al., 2001), were also identified (Table 3). In addition, some stress-
response genes, including two dehydrin genes (At3g58450, At5g17310) and one 
superoxide dismutase gene (At3g56350) responsive for the removal of superoxide 
radicals, are identified as DELLA-up genes. Compared with the relative large number of 
DELLA-down genes in MYB family (7 genes), zinc finger family (4 genes) and bHLH 
family (4 genes), only two zinc finger family genes (At2g31380, At2g47890) and two 
bHLH genes (At5g46760, At3g62090) were identified as DELLA-up transcription factor 
genes whereas none of the MYB family genes was identified as DELLA-up genes (Table 
5.3). 
Besides the above analysis in imbibing seeds, we also did similar experiments in flower 
bud and identified the DELLA-dependent transcriptomes controlling floral development 
(This part of work was done by my colleague, Cheng Hui). Totally 360 genes were 
identified as DELLA-down genes and 273 genes were identified as DELLA-up genes. 
 
5.2.3 DELLAs regulate distinct transcriptomes to control seed germination and 
floral development  
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Organ initiation, growth and development are the results of precisely coordinated action 
of multiple genes. Combination of loss-of-function of RGL1, RGL2, RGA and GAI 
suppressed the ga1-3 mutant phenotype and the resultant ga1-3 rgl1-1 rgl2-1 rga-t2 gai-
t6 mutant confers GA-independent seed germination and floral development, suggesting 
that the defective seed germination and floral organ development in ga1-3 are likely 
resulted from alteration of the expression of a network of genes that are directly or 
indirectly regulated by DELLA activity. We are interested to know if a similar set of 
DELLA-regulated genes is used to control these two distinct developmental processes. 
For this purpose, we compared the gene identity of the 360 DELLA-down and 251 
DELLA–up genes in the imbibed seeds with that of the 360 DELLA-down and 273 
DELLA–up genes in the young flower buds, respectively. Surprisingly, merely 21 
DELLA-down genes and 15 DELLA-up genes were found to be shared between the two 
datasets (Table 5.4). RT-PCR analysis confirmed that all 21-shared DELLA-down genes 
and 12 out of 14-shared DELLA-up genes examined showed the expected expression 
patterns in the imbibed seed (Figure 5.2A and 5.2B). Similar results were obtained in 
flower bud. Among the 21 DELLA-down genes, only one GAST1-like (At1g74670) gene 
and two putative expansin genes (At2g37640, At2g40610) are presumably related to GA-
response. Meanwhile, only GA-3β-hydroxylase gene (At1g15550) is a known GA-
response gene (Ogawa et al., 2003) among the 15 DELLA-up genes (Table 5.4). These 
data demonstrate that GA-mediated seed germination and floral development are 
controlled by distinct DELLA-dependent transcriptomes. 
Since GA triggers some similar cellular events during seed germination and floral 







Figure 5.2 RT-PCR confirmation of shared DELLA-down and DELLA-up genes in the 
imbibed seeds and young flower buds. A, Shared-DELLA-down genes. B, Shared-
DELLA-up genes. RT-PCR analysis was repeated on three independent samples and a 
representative ethidium bromide gel picture is shown here. Corresponding gene locus 
identity (Gene ID) is provided. Three shared-DELLA-down genes and two shared-
DELLA-up genes showed no difference in expression in the young flower buds and 
imbibed seeds, respectively, and these genes were highlighted with asterisk. Primer pairs 
for each individual gene are listed in Table 3.6 and 3.7. penta: ga1-3 gai-t6 rga-t2 rgl1-1 
rgl2-1 penta mutant. For the imbibed seeds, ACT2 (ACTIN 2 gene) and UBQ10 
(UBIQUITIN 10 gene) were used as the normalization controls. For the young flower 













germinating seed and the filament of a growing stamen) (Cheng et al., 2004, Cao et al., 
2005), the obvious question to ask is how two distinct DELLA-dependent transcriptomes 
regulate similar cellular events. To address this question, we first subgrouped the 
DELLA-regulated genes, identified either in the imbibed seeds or young flower buds, 
based on their known or presumable molecular functions in planta. Next, we cross-
compared genes in corresponding subgroups in the dataset for imbibed seeds and dataset 
for young flower buds. The results of comparison were discussed in the following 
sections. 
 
5.2.4 Novel GAMYB genes and other transcription factors 
DELLAs are putative transcription regulators. Presumably, they may directly regulate the 
expression of some GA-response genes. Unfortunately, there is currently no concrete 
evidence to prove this hypothesis. Alternatively, DELLAs regulate the expression of 
some downstream transcription factors and these DELLA-regulated transcription factors 
then control the expression of GA-response genes. GAMYB genes are the best studied 
GA-regulated transcription factors and previous studies have shown that GA regulates 
GAMYB through DELLA protein SLN and SLR in barley and rice, respectively (Gubler 
et al., 2002; Kaneko et al., 2003). In Arabidopsis, MYB33 and MYB65 are identified as 
GAMYB genes based on homology analysis. However, the MYB33 and MYB65 and their 
subfamily members are regulated at the post-transcription level by miRNA159 (Achard et 
al., 2004; Millar and Gubler, 2005). In fact, MYB33 and MYB65 are not identified among 
the DELLA-down or DELLA-up genes in our dataset. On the other hand, our data 
showed that MYB4, MYB25, MYB30, MYB34, MYB66, two MYB homologs (At1g01380, 
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At5g58900) are the seven DELLA-down MYB genes involved in seed germination while 
the other seven DELLA-down MYB genes (MYB24, MYB32, MYB52, MYB106, MYB21, 
MYB At2g38090) are involved in floral development (Table 5.3), suggesting that 
DELLAs differentially regulates different subset of MYB genes to repress seed 
germination and floral development. Interestingly, four MYBs (MYB59, MYB At5g44190, 
MYB At1g06180, MYB At3g11280) were identified as DELLA-up genes in the young 
flower buds whilst no DELLA-up MYB gene was found in the imbibed seeds (Table 5.3). 
Therefore, these MYB genes may represent new types of GAMYBs and future work will 
focus on studying the relationship between GA and these MYB genes. In addition to MYB 
genes, distinct DELLA-down or -up bHLH and zinc finger family genes are also 
identified both in the imbibed seeds and young flower buds (Table 5.3). It is interesting to 
notice that four zinc finger family genes were identified as DELLA-down genes in the 
imbibed seeds whilst five other zinc finger family genes were identified as DELLA-up 
genes in the young flower buds, indicating that zinc finger gene family is differentially 
regulated by DELLAs at different developmental stages. As expected, three types of 
transcription factors, namely three MADS box family genes (AGL1, AGL6 and AGL11), 
three WRKY family genes (WRKY15, WRKY70, WRKY53) (Eulgem et al., 2000) and four 
squamosa promoter binding protein-box family genes (SPL2, SPL5, SPL11 and SPL12) 
are only found among the DELLA-regulated genes for floral development (Table 5.3) 
(Krizek and Fletcher, 2005). Apparently, these transcription factors will target their own 
specific targets to fine-tuning the regulation initiated by DELLAs. One of the future tasks 
will be finding out the targets controlled by these transcription factors. 
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5.2.5 DELLAs maintain the low metabolic activity in ga1-3 mutant 
Seed germination is an active process that needs to mobilize food reserves to provide 
sufficient energy and building blocks to sustain the dynamic cellular activities in the 
germinating seed. In contrast, a non-germinating seed normally maintains low metabolic 
activity (Bewley, 1997). In both imbibed seeds and young flower buds, a large number of 
genes encoding enzymes (especially hydrolase, transferase and oxidoreductase) 
responsible for the metabolism of carbonhydrate, protein and lipid are repressed by 
DELLAs (Table 5.2). This fact suggests that the metabolic activities in both imbibed ga1-
3 mutant seeds and young ga1-3 mutant flower buds are likely kept at a low level and this 
low metabolic activity of mobilization of food reserves nicely correlates with the non-
germinating and arrested floral development phenotypes displayed by the ga1-3 mutant. 
When compared to the wild-type, the transcript levels of a large number of different 
transferase and oxidoreductase genes in ga1-3 were altered in the imbibed seeds and 
young flower buds, respectively (Table 5.2), suggesting that biosynthetic and oxidative 
pathways are redirected to other pathways in the ga1-3 mutant. Cross-comparison 
showed that the identities (gene locus) of the DELLA-regulated (both -down and -up) 
hydrolase genes, transferase genes, oxidoreductase and other enzyme genes in the 
imbibed seeds are almost completely different from their respective counterparts in 
DELLA-regulated enzyme genes in the young flower buds (Table 5.2). This fact strongly 
suggests that DELLAs differentially regulate different subsets of metabolic genes of 
similar molecular functions or different individual members of a same gene family to 
control seed germination and floral development. 
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5.2.6 Distinct approaches are utilized to control cell growth and cell wall 
modification during seed germination and floral development 
Prior to seed germination, a number of cell wall-modifying genes will be activated to 
loosen the cell wall and break the seed coat to facilitate the radicle protrusion. Similarly, 
during the period of the floral organ growth, factors will be produced to promote the 
elongation of epidermal cells of petal, stamen and pistil. Five and four expansin genes 
were identified as DELLA-down genes in the imbibed seeds and young flower buds, 
respectively, and two of them (At2g37640, At2g40610) are shared (Table 5.3), 
suggesting that expansins are crucial for the cell elongation in both developmental 
processes. However, while seven xyloglucan endotransglycosylase/hydrolase (XTH) and 
six pectinesterase genes are the major genes responsible for the cell wall loosening in the 
imbibed seeds, none of these two categories of genes was DELLA-down in the young 
flower buds (Table 5.3). Instead, four cellulose synthase genes were found as DELLA-
down genes only in the young flower buds but not in the imbibed seeds (Table 5.3). 
Interestingly, three α-tubulin genes (TUA2, TUA4 and TUA6) and four beta-tubulin genes 
(TUB1, TUB5, TUB6 and TUB7) are also DELLA-down genes in the imbibed seeds but 
not in the young flower buds (Table 5.3). These results suggest that the cell elongation 
activity during seed germination is probably mainly resulted from cell wall loosening 
coupled with cell-reshaping whilst the cell elongation during floral development is 
mainly due to the de novo biosynthesis of cellulose. 
 
5.2.7 DELLAs act as convergence point for phytohormone signaling 
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As expected, in both imbibed seeds and young flower buds, the GA-response gene 
GAST1 (At1g74670) and the key GA biosynthesis gene GA-3-beta-hydroxylase 
(At1g15550) are identified as DELLA-down and -up genes, respectively (Shi and 
Olszewski, 1998; Ogawa et al., 2003). Recently, Ueguchi-Tanaka reported that GID1 in 
rice encodes a soluble GA-receptor with homology to the consensus sequence of the 
hormone-sensitive lipase (HSL) homologous family (Ueguchi-Tanaka et al., 2005). 
Database search identified three GID1 homologues in Aarabidopsis (Figure 5.3) and all 
of them have recently been shown to bind both GA and DELLA proteins (Nakajima et al., 
2006; Griffiths et al., 2006; Willige et al., 2007). Interestingly, two of these GID1 
homologues (At3g05120 and At3g63010) are identified as DELLA-up genes in the 
young flower buds and one (At3g05120) in the imbibed seeds, suggesting that these 
GID1 homologues are probably negatively regulated by GA. However, the fact that 
DELLA proteins are stabilized in the ga1-3 mutant suggests that GA is necessary to 
activate the GID1-like receptors to trigger the degradation of DELLA proteins. On the 
other hand, a total of 13 GDSL-type lipase genes, another type of lipase presumably 
related to defense (Akoh et al., 2004), are identified as DELLA-down genes (Table 5.5, 
Figure 5.4). Previous studies showed that ABA signaling through ABI1 and ethylene 
signaling through CTR1 enhance the stability of DELLAs (Achard et al., 2003; Achard et 
al., 2006), implying that a fraction of ABA- and ethylene-signaling response genes will 
probably be identified as DELLA-regulated genes in our dataset. Indeed, a number of 
ABA- and ethylene-response genes were identified as DELLA-up genes in both the 
imbibed seeds and young flower buds. For example, the expression of late-





















Figure 5.3. Amino acid sequence alignment of rice GID1 with its three Arabidopsis 
homologues (At3g05120, At3g63010, At5g27320) using ClustalW program.   
 
Figure 5.4. Amino acid sequence alignment of 13 GDSL-type lipase in Arabidopsis 




















responsive to ABA treatment (Ali-Benali et al., 2005; Kamisugi and Cuming, 2005; 
Bethke et al., 2006) and seven of these LEA protein genes were identified as DELLA-up 
genes (Table 5.3). Also five and three ethylene-related genes were found as DELLA-up 
genes in the imbibed seeds and young flower buds, respectively. These genes include 
genes for ethylene responsive element binding factor 1 (ERF2, At5g47220) (McGrath et 
al., 2005), ethylene-insensitive 3 (EIN3), ethylene responsive element binding factor 
(ERF12, At1g28360), ethylene-responsive element-binding family protein (At5g61600) 
and universal stress protein USP/ER6 (At3g58450) (Table 5.3) (Chang and Bleecker, 
2004; Guo and Ecker, 2004). That low concentrations of auxin promote the 
destabilization of DELLAs (Fu and Harberd, 2003) fits well with the finding that four 
(including genes encoding the auxin efflux carrier EIR1, auxin-induced protein AIR12, 
AIR9 and At4g34760; Luschnig et al., 1998; Neuteboom et al., 1999) and nine auxin-
response genes were identified as DELLA-down genes in the imbibed seeds and young 
flower buds, respectively. Interestingly, seven auxin-related genes, including genes 
encoding IAA-amino acid hydrolase ILR1 (At3g02875), auxin-regulated protein GH3 
(At1g59500), auxin-induced protein IAA17/AXR3-1 and two auxin-induced proteins 
similar to auxin-induced atb2 (At1g60710, At1g60680; Table 5.3; Liscum and Reed, 
2002), were identified as DELLA-up genes in the imbibed seeds, suggesting that the 
interaction between GA and auxin is probably more complicated than previously thought. 
 
5.2.8 DELLA-independent or -partially-dependent GA-regulated genes 
Gene expression profiling data in Arabidopsis and rice has shown that a wide range of 
genes, including genes encoding enzymes and other factors that degrade the cell wall of 
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endosperm and seed coat, are regulated by GA to stimulate the growth of the embryo, 
elongation of the embryo axis and breakage of seed coat (Ogawa et al., 2003; Bethke et 
al., 2006). Ogawa et al. compared the expression profiles between GA-treated and 
untreated ga1-3 seeds at various time points after 48 hrs stratification in the dark and 24 
hrs at 22oC in the light and identified a total of 230 GA-up genes and 127 GA-down 
genes using an Arabidopsis gene chip carrying ~8,200 genes (Ogawa et al., 2003). We 
cross-compared the 541 GA-up genes and 571 GA-down genes obtained in our 
experiment with the 230 GA-up genes and 127 GA-down genes identified by Ogawa et 
al., respectively, and found that 109 GA-up genes (~47% of 230 genes obtained by 
Ogawa et al.) and 90 GA-down genes (~71% of 127 genes obtained by Ogawa et al.) are 
shared in both datasets. Given the differences in the experimental design, the high degree 
of overlap between the two datasets is quite impressive. More interestingly, further 
analysis showed that 91 out of the 109-shared GA-up genes were among the 360 
DELLA-down genes (thus are regulated in a DELLA-dependent fashion) in the imbibed 
seeds while the remaining 18-shared GA-up genes were among the 181 DELLA-
independent or -partially-dependent genes. Meanwhile, data analysis also showed that 56 
out of 90-shared GA-down genes were among the 251 DELLA-up genes (thus are 
DELLA-dependent) in the imbibed seeds. However, the remaining 34 shared GA-down 
genes were among the 320 DELLA-independent or -partially-dependent genes. Because 
the GA-regulated genes in Ogawa’s dataset were obtained by applying GA to the ga1-3 
seeds, the above data supports the hypothesis that there is probably an unknown DELLA-
independent or -partially-dependent component essential for the regulation of some GA-
dependent genes.  
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5.2.9 Genetic study of candidate DELLA-regulated genes 
To study the relationship between candidate DELLA-regulated genes and GA signaling 
pathway, one way is to dissect the loss-of-function mutants of those genes. 
 Two MYB genes, MYB34 (At5g14750) and MYB66 (At5g60890), were chosen from the 
DELLA-down gene set unique for seed germination because we are very interested in 
finding novel GAMYBs. Since it is very common in planta that several genes from the 
same gene family play similar and redundant role, I also searched the Arabidoposis 
genome and found homologues of these MYB genes and carried out RT-PCR to study 
their expression patterns in different plant tissues.  
MYB66 has been reported to be related with root epidermis differentiation and regulated 
by auxin pathway (Lee and Schiefelbein, 1999; Lee and Schiefelbein, 2001; Schiefelbein, 
2003).  MYB66, MYB23 and MYBGL1 share highly homologues and they belong to MYB 
sub-family 15 (Stracke et al, 2001). According to the RT-PCR results, MYB66 is mainly 
expressed in imbibed seeds and young seedlings, MYB23 expresses in dry seeds, young 
seedlings, leaves and internodes, and MYBGL1 is mainly expressed in young seedlings 
and flowers (Figure 5.5).  
MYB34 which belongs to sub-family 12 is related with indolic glucosinolate homeostasis 
(Bender and Fink, 1998; Celenza et al., 2005). RT-PCR experiments revealed that 
MYB34 expresses mainly in imbibed seeds and young seedlings, and also exhibits low 
expression in leaves and roots (Figure 5.5).  
One T-DNA insertion line for MYB66, two lines for MYB23, one line for MYBGL1 and 
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Figure 5.5. RT-PCR of candidate DELLA-regulated genes in different plant tissues.  
1, dry seeds. 2, seeds chilled for 4 d. 3, 1 day seedlings. 4, 2d seedlings. 5, 3d seedlings.  
6, inflorecenses. 7, cauline leaves. 8, rosette leaves. 9, internodes. 10, roots.  
11, siliques. 
 
Figure 5.6. RNA gel-blot hybridizations using DIG-labeled AtMYC3 and AtMYC2 probe 
and total RNA from inflorescences. The AtMYC3 probe identified a hybridization band in 
RNA from the WT control. This band was absent in RNA from SALK_012763 but 
present in RNA from SALK_048028. The AtMYC2 probe identified hybridization bands 
in RNA from WT and SALK_040500, but was absent in RNA from SALK_061267 and 
SALK_017005. Below the hybridization panel, the methylene staining serves as a control 














All these 6 lines were confirmed by genotyping and sequencing and were back-crossed 
three times to wild type Col-0 plant to clean their genetic background. Unfortunately, 
none of their single mutant lines showed any obvious phenotype. This is reasonable 
because of two reasons. First, in several lines, the T-DNA vector is inserted in non-
coding region and therefore may not affect the expression of these genes. Further study 
should be performed to confirm if these lines obtained are indeed loss-of-function 
mutants. Second, genes in one family often play similar and redundant role in planta and 
loss-of-function of one member in the family will be compensated by other members. 
Currently I am trying to perform Northern blot hybridization to examine the expression 
levels of target genes in relative T-DNA insertion lines and create double mutant between 
mutant lines of all those 4 MYB genes.  
At the same time, a bHLH gene, AtMYC3 (At5g46760) was chosen from the DELLA-up 
gene set shared by imbibing seed and unopened flower bud. In Arabidopsis genome, 
there are two additional genes, AtMYC4 (At4g17880) and AtMYC2 (At1g32640), share 
high homology with AtMYC3 (Boter, 2004). AtMYC2 encodes a nuclear-localized basic 
helix-loop-helix-leucine zipper transcription factor which plays an important role in JA 
signaling pathway. AtMYC2 mediates JA-regulated defense-response and blue light-
mediated photomophorgenic growth. Loss-of-function of AtMYC2 results in JA and 
ABA insensitive phenotype (Abe et al., 1997; Boter et al., 2004; Lorenzo et al., 2004; 
Anderson et al., 2004; Yadav et al., 2005).   
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RT-PCR results showed that AtMYC3 expresses ubiquitously in all the plant tissues, 
AtMYC2 mainly expresses in adult plant, and AtMYC4 also expresses ubiquitously 
excepted for dry seed (Figure 5.5).   
Two T-DNA insertion lines of AtMYC3, one insertion lines of AtMYC4 and three 
insertion lines of AtMYC2 were obtained from SALK T-DNA line collection (Table 5.6). 
These lines were backcrossed three times with Col-0 wild type to clean their genetic 
background. However, unfortunately, none of these lines shows observable phenotype. 
Northern blot hybridization was performed to examine whether these lines are indeed 
loss-of-function mutant. The results showed that line SALK_012763 (AtMYC3), 
SALK_061267 (AtMYC2) and SALK_017005 (AtMYC2) had undetectable signals, 
indicating they are probably null alleles. In contrast, lines SALK_048028 (AtMYC3) and 
SALK_040500 (AtMYC2) still had significant transcripts, suggesting that these lines 
might be leaky alleles (Figure 5.6). 
 Since the expression of AtMYC3 is up-regulated in ga1-3, it is possible that it encodes a 
negative regulator of GA signaling pathway. To examine this hypothesis, I created ga1-
3myc3, ga1-3myc2, and ga1-3myc4 double mutants. These double mutant lines also show 
no difference from ga1-3 plant. Now I am trying to create double mutants between MYC 
genes and triple mutants in which two MYC genes are mutated in ga1-3 background. 
    
 
5.3 Discussion 
In this chapter, we first identified GA-regulated (both GA-down and -up) transcriptomes 
in both imbibed seeds and young flower buds by comparing the expression patterns 
between the ga1-3 mutant and WT control. Then, we identified DELLA-dependent (both 
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DELLA-down and -up) transcriptomes by finding out the subgroup of GA-regulated 
genes with their expression restored to the WT levels in the ga1-3 rga-t2 gai-t6 rgl1-1 
rgl2-1 mutant. The high percentage of overlapping between GA-regulated genes 
identified in our work and Ogawa’s work together with the high rate of confirmation of 
candidate genes by RT-PCR analysis demonstrate that the datasets obtained are highly 
reproducible and reliable. The complete suppression of ga1-3 non-germinating and male 
sterile phenotypes by loss-of-function of RGA, GAI, RGL1 and RGL2 implies that GA-
dependent gene regulation might be largely through DELLA-dependent pathway. 
Interestingly, we observed that approximately a half of total GA-regulated genes are 
regulated via DELLA-dependent pathway, suggesting an unknown DELLA-independent 
component is probably essential for the regulation of other GA-dependent genes. 
However, because we have set strict criteria to identify the DELLA-regulated genes we 
might have missed out identifying some DELLA-regulated genes due to sample 
variations and also cannot exclude the possibility that a portion of the remaining GA-
regulated genes might be partially regulated by DELLAs. Finally, we cross-compared the 
DELLA-dependent transcriptomes between imbibed seeds and young flower buds and 
surprisingly found that, based on gene identity (gene locus ID), the two DELLA-
dependent transcriptomes are almost entirely distinct to each other. Ontology analysis 
revealed that a large number of genes with similar molecular and biochemical functions 
(e.g genes for hydrolases, transferases, oxidoreductases, proteins with binding activity, 
MYBs, bHLHs, expansins etc) are repressed or upregulated by DELLAs in both imbibed 
seeds and young flower buds. In fact, these groups of genes constitute the largest portion 
of DELLA-dependent transcriptomes in both imbibed seeds and young flower buds. This 
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fact suggests that the many basic biochemical pathways are similarly mobilized during 
seed germination and floral development. However, specific factors participating in these 
pathways are different individual members from different gene families, suggesting that 
DELLAs differentially regulates the expression of these specific factors during seed 
germination and floral development. Meanwhile, detailed data analysis revealed that 
DELLAs also control the expression of many functionally completely different genes, 
including factors for cell wall loosening, for stress and disease response and protein 
phosphorylation modification etc, to run different pathways either specific for seed 
germination or for floral development, which signifies the differences between these two 
important biological processes. In conclusion, the data shown here not only confirms the 
results obtained from many previous reports but also singles out some novel aspects of 
DELLA functions that will be instructive to our future research. 
 
Tables: 
Table 5.1. Summary of GA- and DELLA-regulated transcriptomes 
Criteria used for microarray data analysis are as described in Chapter 3 
  No of genes  No of Genes 
Seed GA-up 541 DELLA-down 360 
 GA-down 571 DELLA-up 251 
     
Flower bud GA-up 826 DELLA-down 360 








Table 5.2. Ontology analysis of DELLA-regulated genes based on molecular function assigned 
In the imbibed seeds, 257/360 DELLA-down (DELLA-D) and 150/251 DELLA-up (DELLA-U) genes were 
assigned with putative molecular functions based on amino acid homology.  In the young flower buds, 243/360 
DELLA-D and 180/273 DELLA-U genes were assigned with molecular functions.  
Imbibed Seeds Unopened Flower Buds 
Molecular Function     DELLA-D DELLA-U DELLA-D DELLA-U
Catalytic activity (Total)  (162) (85) (155) (110) 
 Hydrolase (Subtotal) (70) (20) (60) (21) 
         acting on: glycosyl bonds 25 6 17 7 
  ester bonds 21 5 21 6 
  peptide bonds 13 6 16 3 
  acid anhydride 10 1 2 5 
 Transferase  50 20 37 55 
 Oxidoreductase  23 30 32 24 
 Lyase  7 2 11 4 
 Ligase  5 9 5 4 
  Others   2 1 3 2 
       
Binging activity (total)  (96) (79) (89) (99) 
        binding to: Nucleic acid   35 25 36 30 
 Ion   27 32 15 27 
 Nucleotide  20 4 11 30 
 Protein   19 12 10 18 
 Oxygen   7 9 10 10 
 Tetrapyrrole   6 8 6 9 
 Lipid   3 3 7 2 
 Carbohydrate   1 4 3 9 
  Others   2 4 5 6 
       
Transcription 
regulator activity (total)  (27) (16) (32) (27) 
 MYB  7 0 7 4 
 Zinc finger   4 2 1 7 
 bHLH  4 2 3 3 
 MADS box   0 1 3 0 
 WRKY genes   0 0 0 3 
  Others   12 11 19 12 
       
Transporter activity     32 12 24 15 
       
Structure molecular     12 0 3 0 
       
Antioxidant activity     4 1 4 0 
       






Table 5.3. Cross-comparison of genes related to some important biochemical and 
biological processes in imbibed seeds and unopened young flower buds. 
Genes listed here are summarized from the microarray results based on information provided in 
Gene Title, Molecular Function and Gene Description by Affymetrix. DELLA-D: DELLA-
down genes; DELLA-U: DELLA-up genes.    
Imbibed Seeds Unopened Flower Buds Molecular Function 
DELLA-D DELLA-U DELLA-D DELLA-U
1. Cell growth and cell wall loosening     
XTH At2g06850 At5g57550  At4g37800
 At3g23730   At5g57560
 At4g03210    
 At4g30280    
 At4g30290    
 At5g13870    
 At5g57560    
     
Pectinesterase At1g02810    
 At1g11580    
 At3g10720    
 At3g14310    
 At4g02330    
 At4g33220    
     
Cellulose synthase   At4g18780  
   At4g24000  
   At5g17420  
   At5g44030  
     
Cellulase At1g64390  At1g13130  
 At1g70710  At3g26140  
     
1,4-β-mannan endohydrolase At5g66460  At3g10890  
     
Glycoside hydrolase   At3g16920  
   At3g42950  
     
Expansin At1g69530 At2g18660 At1g20190 At2g18660
 At2g37640  At2g37640  
 At2g40610  At2g40610  
 At5g02260  At3g29030  
 At5g05290    
     
Tubulin alpha chain At1g04820    
 At1g50010    
 At4g14960    
     
Tubulin beta chain At1g20010    
 At1g75780    
 At2g29550    
 At5g12250    
                                                                                            (Table continues on following page.)
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Table 5.3. (Continued from previous page)  
Imbibed Seeds Unopened Flower Buds Molecular Function DELLA-D DELLA-U DELLA-D DELLA-U
2. Transcription Factors     
bHLH family proteins At1g51070 At3g62090 At1g25330 At4g01460
 At1g63650 At5g46760 At1g59640 At5g46760
 At1g74500  At5g39860 At5g50915
 At4g36930    
     
MYB family proteins At1g01380  At1g17950 At1g06180
 At1g22640  At2g38090 At3g11280
 At2g39880  At3g01140 At5g44190
 At3g28910  At3g27810 At5g59780
 At5g14750  At3g27812  
 At5g58900  At4g34990  
 At5g60890  At5g40350  
     
Zinc-finger family proteins At1g14440 At2g31380 At5g25830 At1g13400
 At1g75710 At2g47890  At1g66140
 At2g24790   At1g68520
 At2g28200   At1g73870
    At2g01940
    At2g47680
    At5g25160
     
MADS box family proteins  At1g77950 At2g45650  
   At3g58780  
   At4g09960  
     
WRKY family proteins    At2g23320
    At3g56400
    At4g23810
     
AP2 domain containing protein At2g40220 At1g53910 At1g15360 At1g25560
  At5g18450 At1g16060  
   At5g67180  
     
Squamosa promoter binding protein    At1g27360 At1g53160
   At1g27370  
   At3g15270  
   At5g43270  
     
Homeodomain transcription factor At1g05230 At4g35550 At1g62990  
 At3g60390  At2g17950  
 At4g32880    
 At5g15150    
 
 




Table 5.3. (Continued from previous page)  
Imbibed Seeds Unopened Flower Buds Molecular Function DELLA-D DELLA-U DELLA-D DELLA-U
3. Protein Phosphorylation     
Protein kinase At1g49580 At1g11050 At1g61590 At1g16260
 At3g08730 At1g70520 At5g57670 At1g21250
 At3g14370 At1g70530  At1g21270
 At5g28290 At2g35050  At1g29720
 At5g50000 At2g39360  At1g65190
 At5g67080 At2g45910  At1g66880
  At3g22750  At1g66920
  At5g03140  At1g69730
  At5g58350  At2g26980
    At2g32680
    At3g09830
    At3g23110
    At3g45640
    At3g45780
    At4g04540
    At5g25440
    At5g38210
    At5g40540
    At5g60900
     
Leucine-rich repeat proteins At1g10850 At1g09970 At4g18640 At1g09970
 At1g66150   At1g33560
 At2g25790   At1g35710
 At3g02880   At1g51805
 At3g56370   At1g56120
 At4g36180   At2g31880
 At5g43020   At3g11010
 At5g48940   At4g08850
 At5g51560   At5g48380
     
Receptor protein kinase At5g60890   At1g75820
    At4g23130
    At4g23180
     
S-locus lectin protein kinase    At1g11350
    At2g19130
    At4g11900
    At4g27300
     









Table 5.3. (Continued from previous page)  
Imbibed Seeds Unopened Flower Buds Molecular Function DELLA-D DELLA-U DELLA-D DELLA-U
4. Disease and stress response     
Response to disease and pathogens  At1g18250 At2g43590 At1g55020 At1g33560
 At1g73620  At1g72260 At1g72930
 At1g80460  At3g11480 At2g32680
 At3g28910  At3g13650 At2g43570
   At3g16920 At2g43620
   At3g21240 At3g11010
   At4g23690 At3g20590
   At5g24780 At3g23110
    At3g50950
    At4g16990
    At4g19530
    At4g26090
    At5g45250
     
Water and salt stress  At1g20440 At1g01470 At1g05260 At1g33560
 At1g54410 At1g01470 At1g29395 At2g21620
 At3g08730 At1g72100 At1g52690  
 At4g34240 At2g21490 At2g21490  
 At4g39090 At2g38905 At5g24780  
 At5g25610 At2g41280   
  At2g42560   
  At3g22490   
  At3g22500   
  At3g50980   
  At3g53040   
  At4g36600   
  At5g52300   
     
Oxidative stress At5g64100  At3g59845 At3g45640
 At5g40150  At4g11290  
 At5g39580  At4g30170  
 At2g22420  At5g24780  
   At5g51890  
     
Cold At3g08730 At2g38905 At1g05260 At5g57560
 At5g12250 At5g52300 At1g29395  
 At5g57560    
     
Heat  At3g46230 At5g67180  
     
UV At3g12610  At3g21240  
   At4g13770  
     
Toxin catabolism At1g78370  At1g17190 At1g02930
 At2g30860    
 
At3g09270  
(Table continues on following page.)
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Table 5.3. (Continued from previous page)  
Imbibed Seeds Unopened Flower Buds Molecular Function DELLA-D DELLA-U DELLA-D DELLA-U
 At3g43800    
Multidrug transport At1g71870  At3g26590  
 At4g23030  At4g22790  
   At5g49130  
     
Wounding At1g22640  At1g55020 At2g38870
   At3g11480  
   At3g21240  
   At5g24780  
     
DNA damage response At3g22880  At3g12710  
 At4g02060  At5g44680  
 At5g44680    
     
Others At2g23050 At1g03380 At1g11000 At1g31580
 At3g19820 At1g22070 At1g52040  
  At3g58450 At2g43550  
   At5g51060  
5. Hormone response     
ABA At2g40220 At1g01470 At1g29395 At1g75750
 At4g34240 At1g72100 At1g52690 At2g26980
 At5g25610 At2g41280 At1g55020 At3g22060
  At2g42560 At5g59320 At3g45640
  At3g11050   
  At3g22490   
  At3g22500   
  At3g53040   
  At4g36600   
  At5g52300   
     
GA At1g74670 At1g15550 At1g74670 At1g15550
 At5g14920  At1g78440 At1g22690
 At5g15230   At1g75750
    At4g25420
     
Auxin At2g34680 At1g59500 At1g29510 At2g45210
 At3g07390 At1g60680 At1g44350 At3g60690
 At4g34760 At1g60710 At2g21220  
 At5g57090 At2g28350 At3g15540  
  At2g45210 At3g23050  
  At3g02875 At3g25290  
  At4g33670 At4g12410  
   At4g13790  
   At5g47530  
     
Ethylene  At1g28360 At1g15360 At1g05010
  
At3g58450                          At1g28360
(Table continues on following page.)
 139
Table 5.3. (Continued from previous page)  
Imbibed Seeds Unopened Flower Buds Molecular Function DELLA-D DELLA-U DELLA-D DELLA-U
  At4g33670  At5g25190
  At5g10120   
  At5g47220   
     
BR At3g50750   At1g75750
 At4g30610    
     
Cytokinin  At1g28230  At2g26980





































Table 5.4. DELLA-regulated genes involved in both flower initiation and seed germination 
Genes listed here are summarized from the microarray results based on information provided in Gene Title, 
Molecular Function and Gene Description by Affymetrix. 
 
Category A: Shared DELLA-down genes 
   
Gene ID Probe ID Gene Title 
At1g04220 264318_at beta-ketoacyl-CoA synthase, putative 
At1g67750 245196_at pectate lyase family protein 
At1g74670 260221_at gibberellin-responsive protein, putative 
At2g27920 264071_at serine carboxypeptidase S10 family protein 
At2g37640 267158_at expansin, putative (EXP3) 
At2g40610 255822_at expansin, putative (EXP8) 
At2g47240 260531_at 
long-chain-fatty-acid--CoA ligase family protein / long-chain acyl-CoA synthetase 
family protein 
At3g12110 256275_at actin 11 (ACT11) 
At3g48460 252363_at GDSL-motif lipase/hydrolase family protein 
At3g60900 251394_at fasciclin-like arabinogalactan-protein (FLA10) 
At4g16130 245478_at GHMP kinase family protein 
At4g18970 254609_at GDSL-motif lipase/hydrolase family protein 
At4g36880 246250_at cysteine proteinase, putative 
At4g39940 252870_at adenylylsulfate kinase 2 (AKN2) 
At5g02540 251013_at short-chain dehydrogenase/reductase (SDR) family protein 
At5g06330 250724_at hairpin-responsive protein, putative (HIN1) 
At5g09980 250455_at expressed protein 
At5g22500 249895_at acyl CoA reductase, putative / male-sterility protein, putative 
At5g34940 255860_at glycosyl hydrolase family 79 N-terminal domain-containing protein 
At5g44680 249008_at methyladenine glycosylase family protein 
At5g57800 247884_at CER1 protein, putative (WAX2) 
                                                                        (Table continues on following page.)
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Table 5.4. (Continued from previous page) 
 
 
Category B: Shared DELLA-up genes 
   
Gene ID Probe ID Gene Title 
At1g09970 264663_at leucine-rich repeat transmembrane protein kinase, putative 
At1g15550 261768_at gibberellin 3-beta-dioxygenase / gibberellin 3 beta-hydroxylase (GA4) 
At1g28360 261496_at ERF domain protein 12 (ERF12) 
At2g18050 265817_at histone H1-3 (HIS1-3) 
At2g18660 266070_at expansin family protein (EXPR3) 
At2g26710 267614_at cytochrome P450, putative 
At2g45210 245136_at auxin-responsive protein-related 
At3g05120 259302_at expressed protein 
At3g26290 257628_at cytochrome P450 71B26, putative (CYP71B26) 
At4g15620 245501_at integral membrane family protein 
At4g21100 254452_at UV-damaged DNA-binding protein, putative 
At4g36220 253088_at cytochrome P450 84A1 (CYP84A1) / ferulate-5-hydroxylase (FAH1) 
At5g24160 249775_at squalene monooxygenase 1,2 / squalene epoxidase 1,2 (SQP1,2) 











































































Table 5.5 GDSL-type lipase genes regulated by DELLAs. 
DELLA-D, DELLA-down genes; DELLA-U, DELLA-up 
genes. 
Imbibed Seeds Unopened Flower Buds 
DELLA-D DELLA-U DELLA-D DELLA-U 
At5g45670  At1g58430 At1g29670 
At5g45950  At5g33370  
At5g14450  At5g45960  
At3g48460  At3g48460  
At4g18970  At4g18970  
At3g04290  At1g54790  
At2g03980  At2g42990  
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Table 5.6 Candidate genes selected for further study and the insertion lines isolated. 
Gene Name  Gene ID Insertion 
Line 
Insertion Site 
MYB66 At5g14750 SALK_114008 Exon 
SALK_006901 3’UTR MYB34 At5g60890 
SALK_053527 3’UTR 
SALK_048592 Intron MYB23 At5g40330 
SALK_018613 5’UTR 
MYBGL1 At3g27920 SALK_094929 5’UTR 



















Chapter 6 Study of RGL2 stability and activity: 
conserved serine/threonine residues are important for 
GA-sensitivity of RGL2 
 
6.1 Introduction 
Molecular genetic analysis of the semidominant gain-of-function DELLA mutant allele 
gai in Arabidopsis, Rht-B1b and Rht-D1b in wheat, D8 in maize, Vvgai1 in grapevine and 
Sln1d in barley have all revealed that two highly conserved N-terminal regions, I 
(DELLA region) and II (HYNP region), are critical for GA signaling as all these mutants 
have alterations in either region I or II which resulted in significant reduction in 
responsiveness to GA (Boss and Thomas, 2002; Chandler et al., 2002; Peng et al., 1997, 
1999a). Targeted deletion of the conserved DELLA domain from RGA (Dill et al., 2001), 
RGL1 (Wen and Chang, 2002) and rice SLR1 (Itoh et al., 2002) also imparts reduced 
responsiveness to GA as well as dwarfism. All these observations have been incorporated 
into a ‘release of restraint’ model, which envisages DELLA proteins acting as general 
agents to restrain the growth of plant organs and GA acting as a means of overcoming 
that restraint (Harberd, 2003; King et al., 2001; Peng et al., 1997; Richards et al., 2001). 
In the case of Arabidopsis RGA, GAI and RGL2, barley SLN1 and rice SLR1, GA 
opposes the function of DELLA proteins by promoting their disappearance (Fu et al., 
2002, 2004; Gubler et al., 2002; Itoh et al., 2002; Silverstone et al., 2001; Tyler et al., 
2004). Recent studies have identified Arabidopsis SLY1 (SLEEPY1) and rice GID2, 
candidate F-box components of SCF E3 ubiquitin ligases, as appearing to be responsible 
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for targeting DELLA proteins to the proteasome (McGinnis et al., 2003; Sasaki et al., 
2003). Studies by Sasaki et al. (2003) also showed that the phosphorylated form of SLR1 
was elevated in a gid2 mutant. In addition, the level of phosphorylated SLR1 was 
increased after GA treatment and GID2 specifically interacted with phosphorylated SLR1 
protein (Gomi et al., 2004), suggesting that phosphorylation might play a crucial role in 
mediating GA-dependent degradation of SLR1. Thus one emerging picture is that GA 
stimulates responses to GA by targeting DELLA proteins (growth repressors) for 
destruction via the ubiquitin ligase-dependent proteasome pathway, and this process may 
be facilitated by phosphorylation of the DELLA proteins (Harberd, 2003; Itoh et al., 2003; 
Thomas and Sun, 2004). 
Several recent studies have investigated the modification of DELLA proteins in depth. Fu 
et al. found that the GA-induced degradation of barley SLN1 is sensitive to 
serine/threonine protein phosphatase inhibitors as well as to tyrosine kinase and 
phosphatase inhibitors, but they did not show whether SLN1 is phosphorylated (Fu et al., 
2002).  Sasaki et al. reported that rice SLR1 is phosphorylated, and phosphorylation of 
SLR1 is induced by treatment with GA. However, the nature of SLR1 phosphorylation 
and whether phosphorylation of SLR1 protein is associated with protein stability or 
bioactivity are not known (Sasaki et al., 2003). To study the nature of DELLA protein 
phosphorylation, Hussain started to investigate the stability of RGL2 and a series of 
mutant of RGL2 in BY2 cell line (Hussain et al., 2005). 
In plants, suspension cell lines such as tobacco BY2 cells have been used to study certain 
cellular processes such as the cell cycle (Araki et al., 2004; Criqui et al., 2000). In stably 
transformed BY2RGL2 cells, Hussain found that RGL2 disappeared upon GA treatment. In 
 146
contrast, RGL2Y52A, a mutant with substitution of Tyr52 to alanine in the DELLA domain 
of RGL2, was resistant to GA-induced degradation in BY2 cells. This result indicated 
that BY2 cells retain responsiveness to GA. Then he demonstrated that proteasome 
inhibitors blocked GA-induced degradation of RGL2, whereas protease inhibitors did not 
have this effect. These results confirmed that proteasome pathway is involved in 
regulation of DELLA-stability. He further revealed that inhibitors of serine/threonine 
phosphotase blocked GA-induced degradation of RGL2 but serine/threonine kinase 
inhibitor had no detectable effect. These results suggest that GA treatment possibly leads 
to dephosphorylation of specific serine and/or threonine residue(s) of RGL2 or of other 
GA-signaling factors needed to trigger RGL2 degradation. This is a complement to the 
previous view that phosphorylation is crucial for DELLA degradation. To isolate the 
phosphorylation site of RGL2, he aligned nine DELLA proteins from Arabidopsis and 
other species and identified 12 serine and five threonine residues that are conserved. 
Since phosphorylation normally introduces a negative charge and this physical charge 
may sometimes be critical in determining the function of the phosphorylated protein 
(Kassenbrock and Anderson, 2004; Schwindling et al., 2004; Yap et al., 2004), he 
substituted all conserved serine (S) and threonine (T) residues with negatively charged 
aspartic acid (D) and glutamatic acid (E), respectively. Of all the 17 mutated RGL2 
proteins, two serine mutations (S441D and S542D) and four threonine mutations (T271E, 
T319E, T411E and T535E) were able to remain stable upon GA treatment, suggesting 
that the two serine residues and four threonine residues mentioned above are important 
for the stability of RGL2 protein.  
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However, it is unclear whether the stabilized RGL2 mutants are still biochemically 
functional.  Since the expression of one of the GA biosynthesis genes GA 20-oxidase is 
regulated by negative feedback, it has been used to assay the activity of GA signaling 
pathway (Cowling et al., 1998; Xu et al., 1999). To examine the activity of RGL2 mutants 
both in Arabidopsis and BY2 cells, I did RT-PCR of GA 20-oxidase both in transformed 
Arabidopsis and BY2 cell lines. The results showed that in Arabidopsis, GA triggers the 
degradation of RGL2 protein and results in the reduction of accumulation of transcript of 
GA 20-oxidase. On the other hand, mutations in the DELLA region (RGL2ΔDELLA in 
Arabidopsis and RGL2Y52A in BY2 cell) stabilize the RGL2 protein as well as the level of 
transcript of GA 20-oxidase upon treatment with GA. Although six of the mutated forms 
of RGL2 (S441D, S542D, T271E, T319E, T411E and T535E) were stabilized, the 
repressive function in five of these six mutants was severely compromised based on the 
examination of the expression of GA 20-oxidase, and only one mutant retained about 
66% of the activity of the wild-type RGL2. Nevertheless, expression of GA 20-oxidase in 
BY2 cells expressing these mutant proteins was still responsive to treatment with GA. 
The results presented here suggest that the stability of RGL2 is not the only pathway 
regulating its bioactivity. Thus, it seems that the activity of DELLA proteins is regulated 




6.2.1 RGL2 protein represses GA signaling and is down-regulated by GA in 
Arabidopsis 
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Previous genetic studies have shown that Arabidopsis RGA, GAI and RGL2, rice SLR1 
and barley SLN1 proteins are down-regulated upon treatment with GA (Fu et al., 2002, 
2004; Itoh et al., 2002; Silverstone et al., 2001; Tyler et al., 2004) and that alterations in 
the DELLA or HYNP regions convert DELLA proteins into constitutive repressors of the 
response to GA (Boss and Thomas, 2002; Dill et al., 2001; Gubler et al., 2002; Peng et al., 
1997, 1999a). Further biochemical studies have shown that these alterations result in 
mutant proteins which are resistant to GA-induced degradation (Dill et al., 2001; Fu et al., 
2004; Wen and Chang, 2002). To reconfirm whether RGL2 protein is down-regulated by 
GA, we overexpressed (under the control of estrogen-inducible promoter) RGL2 and 
DELLA-deleted RGL2 (RGL2∆DELLA) in the RGL2-knockout allele rgl2-5. Leaves 
overexpressing RGL2 and RGL2∆DELLA were treated with or without 10-4 M GA for 6 h 
and protein extract was examined by immunoblotting using anti-RGL2 polyclonal 
antibody. 
GA treatment resulted in a significant reduction in the accumulation of RGL2 protein, 
whilst the accumulation of RGL2∆DELLA mutant protein was not affected (Figure 6.1a). 
Interestingly, as has been observed for RGA-Δ17 by Dill et al. (2001), two protein bands 
appeared in RGL2ΔDELLA samples (Figure 6.1a). Unfortunately, we cannot determine the 
identity of the higher band at this time. Previous studies have shown that overexpression 
of DELLA proteins resulted in the elevated expression of some genes for GA  
biosynthesis (Dill et al., 2001; Fu et al., 2001; Wen and Chang, 2000) via the negative-
feedback regulatory pathway (Olszewski et al., 2002; Richards et al., 2001). One such 
gene is GA5, encoding GA 20-oxidase, that catalyzes a rate-limiting step in the GA 










Figure 6.1. RGL2 is a GA-derepressible negative regulator of response to GA in both 
Arabidopsis and the tobacco BY2 cell line. 
(a, b) Freshly harvested Arabidopsis leaves (about 3 weeks old) were incubated in liquid 
MS medium containing 10 μM β-estradiol for about 12 h to induce the expression of 
RGL2 or RGL2ΔDELLA transgenes. Samples were then treated with 10-4 M GA (+) for 6 h 
along with a control (-). Total protein as well as RNA was extracted from treated leaves. 
The equivalent amount of protein from each sample was applied to immunoblotting to 
detect RGL2 protein using anti-RGL2 antibody. Total RNA was subjected to RT-PCR 
analysis of the expression of GA 20-oxidase (GA 20-Ox, 24 cycles) and actin (25 cycles). 
All primer pairs used are listed in Table 3.2 and Table 3.3.   
(c) Stably transformed BY2RGL2 cells were treated with either 10-4 M GA or 10-4M PAC 
for 30 and 120 min. Total protein extracted from treated cells was subjected to 
immunoblotting using anti-RGL2 antibody. Protein loading was visualized via 











overexpression of either WT RGL2 or RGL2∆DELLA increased the transcript level of GA 
20-oxidase in Arabidopsis (Figure 6.1b). GA treatment drastically down-regulated the 
transcript level of GA 20-oxidase in transgenic plants overexpressing WT RGL2 but 
failed to do so in plants overexpressing RGL2∆DELLA (Figure 6.1b). In fact, the level of 
GA 20-oxidase transcripts in the GA-treated plants was slightly higher than that in the 
untreated ones. These results suggest that RGL2 protein functions as an effective 
repressor of the GA signaling pathway and that the DELLA domain is important for the 
responsiveness of RGL2 to GA (Tyler et al., 2004). 
 
6.2.2 Tobacco BY2 cells retain responsiveness to GA 
Cell lines have been routinely used to study cellular signaling in humans and mice 
because these cell lines retain the in vivo response to different extracellular factors, such 
as hormones, growth factors, cytokines etc. In plants, suspension cell lines such as 
tobacco BY2 cells have been used to study certain cellular processes such as the cell 
cycle (Araki et al., 2004; Criqui et al., 2000). To facilitate the study of the molecular and 
biochemical mechanism of the response of RGL2 protein to GA, we sought to use the 
BY2 cell line as the experimental system. However, there are very few reports on the use 
of plant cell lines to study the signaling of plant hormones or growth regulators (Amador 
et al., 2001). To determine if BY2 cells retain their completeness in planta GA response, 
stably transformed BY2RGL2 cells were obtained and treated with GA as well as PAC and 
the content of RGL2 in total protein extract was examined by immunoblotting. Treatment 
with GA resulted in the disappearance of RGL2 whilst treatment with PAC (2 h) slightly 
enhanced the accumulation of RGL2 (Figure 6.1c). The GA-induced disappearance of 
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RGL2 protein was most likely a result of protein degradation, because the level of RGL2 
transcript remained unchanged upon GA treatment (data not shown). In contrast, 
RGL2Y52A, a mutant with substitution of Tyr52 to alanine in the DELLA domain of 
RGL2, was resistant to GA-induced degradation in BY2 cells (Figure 6.2c, lower two 
panels), as was RGL2ΔDELLA in Arabidopsis (Figure 6.1a). To determine whether the 
negative feedback regulation of GA 20-oxidase expression by RGL2 is still effective in 
BY2 cells, we treated vector-transformed BY2 cells (mock) and BY2 cells expressing 
RGL2 or RGL2Y52A with GA, respectively, and determined the transcript levels of GA 
20-oxidase. We found that overexpression of RGL2 or RGL2Y52A both enhanced the 
expression of GA 20-oxidase (Figure 6.2c, top two panels). Treatment with GA 
antagonized the effect of the wild-type RGL2, whereas the elevated expression of GA 20-
oxidase in RGL2Y52A BY2 cells was only partially down-regulated by treatment with GA 
(Figure 6.2c, top two panels). These results demonstrate that GA signaling is functional 
in BY2 cells in terms of regulation of the stability of RGL2 by GA as well as in 
modulating the expression of GA biosynthesis genes by RGL2. We therefore assumed 
that the BY2 cell line can serve as a suitable experimental system for studying the 
molecular and biochemical mechanisms of GA signaling mediated by RGL2 or other 
DELLA proteins. 
 
6.2.3 RGL2 protein stability and bioactivity can be uncoupled 
As described in the introduction, mutations at six conserved serine/threonine sites 
stabilized the mutant RGL2 proteins against GA-induced degradation. Naturally, the 
question arises of whether any of these mutant proteins still retains the repressive 












Figure 6.2. Uncoupling of RGL2 stability and its bioactivity in response to GA treatment. 
(a) Total RNA and protein were extracted from stably transformed BY2 cells expressing 
the wild-type RGL2 (WT), RGL2Y52A, two S → D (S441D, S542D) or four T → E 
(T271E, T319E, T411E, T535E) mutant RGL2 proteins, respectively. RNA samples were 
normalized based on the transcript level of the actin gene before being used in RT-PCR 
for analyzing the transcript levels of GA 20-oxidase (GA20-Ox) in each sample. Protein 
samples were normalized based on Coomassie blue staining before being subjected to 
immunoblotting to determine the RGL2 protein content in each sample. 
(b) Quantitative data from (a), a representative of at least four repeats, were used in the 
histogram to show the relative ratio of GA 20-oxidase transcripts versus RGL2 protein 
content in each sample. The ratio of GA 20-oxidase transcript versus RGL2 protein 
content in the wild-type control (WT) was set at 10 unit points. 
(c) Mutant RGL2 proteins (Y52A, T319E, T535E and S11D) retaining the repressive 
function of the wild-type RGL2 were tested for their responsiveness to GA. BY2 cells 
were treated with 10-5M GA for 6 h and the content of RGL2 protein and GA 20-oxidase 
transcripts were compared with untreated cells. The stabilization of RGL2Y52A against 
GA treatment was correlated with their function as constitutive repressors of GA 
response, whilst all S → D and T → E mutants, although largely insensitive to GA 






possibility, levels of transcript of GA 20-oxidase in BY2 cells expressing these mutant 
proteins were compared with those in BY2 cells expressing the WT RGL2 and RGL2Y52A 
in the absence of GA. The result showed that RGL2T271E is probably a loss-of-function 
mutation, since RT-PCR failed to detect any increase in levels of GA 20-oxidase (Figure 
6.2a,b ). Meanwhile, the bioactivities of RGL2S441D, RGL2S542D, RGL2T319E and 
RGL2T411E were severely compromised and these mutants only retain approximately 4–
17% of the activity of the wild-type RGL2 (Figure 6.2a,b). In contrast, RGL2T535E 
retained approximately 66% of the activity of the wild-type RGL2 (Figure 6.2a,b). The 
increase in expression of GA 20-oxidase in BY2 cells by these mutants was, however, 
abolished upon treatment with 10-5M GA for 6 h, despite no significant change in the 
content of mutant proteins (Figure 6.2c), suggesting that these stabilized mutant proteins 
may not be able to serve as constitutive repressors of the response to GA, which is 
opposite to what is observed for RGL2∆DELLA and RGL2Y52A. 
 
6.3 Discussion 
Much of our current knowledge on cellular signaling in the human and mouse has been 
obtained from studies using cell lines, because these cell lines retain the in vivo response 
to different extracellular factors such as hormones, growth factors, cytokines, etc. 
However, the use of plant cell lines to study hormone signaling is very rare (Amador et 
al., 2001). We have shown here that RGL2 protein undergoes proteasome-mediated 
degradation in response to GA and up-regulates the expression of GA 20-oxidase, both in 
Arabidopsis and in tobacco BY2 cells. Our results demonstrate that the level of RGL2 
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protein is regulated through rapid protein degradation triggered by GA and that GA 
signaling is functional in BY2 cells. Therefore, BY2 cells can be used as an experimental 
system for studying the regulation of GA signaling mediated by RGL2 or other DELLA 
proteins in the future. 
Previous reports have suggested that phosphorylation of DELLA proteins or 
phosphorylation-related signaling is necessary for the regulation of the functions of 
DELLA proteins. Treatment of purified RGL2 protein with alkaline phosphatase resulted 
in products of higher mobility, demonstrating that RGL2 protein exists by default in 
phosphorylated form. Interestingly, it appears that gai protein also exists by default in a 
phosphorylated form in planta (Fu et al., 2004). On the other hand, SLR1 exists in both 
phosphorylated and dephosphorylated forms (Sasaki et al., 2003). Hussain revealed that 
serine/threonine phosphatase inhibitors block RGL2 degradation whilst serine/threonine 
kinase inhibitors have no visible effect. He identified 12 serine and five threonine 
residues that are conserved in the DELLA family. Then he conducted a comprehensive 
mutational analysis of the conserved serine/threonine residues of RGL2 by converting of 
serine/threonine into negatively charged residues (aspartic acid/glutamic acid, 
respectively) sometimes mimics the status of constitutive phosphorylation (Kassenbrock 
and Anderson, 2004; Schwindling et al., 2004; Yap et al., 2004). The results showed that 
such substitutions at the conserved sites S441, S542, T271, T319, T411 and T535 
stabilized the mutant RGL2 proteins against GA treatment. To study the bioactivity of 
those stabilized RGL2 mutants, I attempted to determine whether any of these GA-
insensitive mutant proteins still retain the repressive function of RGL2. As expected, 
mutations in the DELLA domain (RGL2∆DELLA and RGL2Y52A) create constitutive 
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repressors that block the GA signal to down-regulate the expression of GA 20-oxidase. 
Based on examination of the expression of GA 20-oxidase in the absence of GA, we 
showed that RGL2T271D was probably a loss-of-function mutation since RT-PCR failed to 
detect any increase in levels of GA 20-oxidase and RGL2S441D, RGL2S542D, RGL2T319E 
and RGL2T411E only retained approximately 4–17% of the activity of the wild-type RGL2. 
In contrast, RGL2T535E retained approximately 66% of the activity of the wild-type RGL2. 
We then determined whether the remaining bioactivity of these mutant proteins is still 
responsive to GA. Our data showed that treatment with GA did not alter the accumulation 
of mutant protein; however, it did abolish expression of GA 20-oxidase in BY2 cells 
expressing these mutant proteins, suggesting that these GA-insensitive mutant proteins 
may not be able to act as constitutive repressors of the response to GA, which is opposite 
to what is observed for RGL2∆DELLA and RGL2Y52A. This result clearly illustrates that the 
mere presence of the intact RGL2 protein in plants is not sufficient to elicit its biological 
function. It appears that, apart from degradation of RGL2 protein, GA also adopts a 
strategy to nullify the bioactivity of RGL2 proteins even when RGL2 protein exists in a 









Chapter 7 General conclusion and future perspectives 
 
In this thesis, to evaluate the roles of each DELLA protein in regulation of seed 
germination, the germination capacity of various combinations of loss-of-function 
mutations of DELLA genes in ga1-3 background was analyzed both in the light and dark.   
Results shown in Chapter 4 confirm that RGL2 encodes the key repressor of seed 
germination in Arabidopsis. In addition, RGA, GAI and RGL1 all encode negative 
regulators that enhance the function of RGL2 to repress seed germination in Arabidopsis. 
According to the germination rate of different combination of DELLA mutations, RGA is 
the second to RGL2, followed by GAI and RGL1, as the GA-response negative regulator 
for seed germination. Noteworthily, ga1-3 rgl2-1 germinates only in the light but not in 
the dark, whereas ga1-3 gai-t6 rga-t2 rgl2-1 quadruple mutant germinated at a high rate 
not only in the light but in the darkness as well. These observations enable us to propose 
that light can probably trigger the down-regulation (protein degradation) or inactivation 
(protein modification) of GAI and RGA proteins whereas RGL2 protein is relatively 
insensitive to light treatment. Therefore, DELLA proteins probably act as integrators of 
environmental and endogenous cues to regulate seed germination. In the future, the 
biochemistry mechanism of the effect of light on GAI and RGA proteins can be further 
studied. 
In order to understand the molecular mechanism of DELLAs repressing seed germination, 
I compared the gene expression pattern in the ga1-3 mutant to that in the plants of no 
DELLA activity in the ga1-3 background and that in the wild type (WT) and obtained the 
gene sets supposed to be DELLA-dependent or DELLA-independent in GA-regulated 
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gene regulation. The results indicated that approximately half of the total GA-regulated 
genes may be regulated in a DELLA-dependent fashion, suggesting that there might be a 
DELLA-independent or -partially-dependent component of GA-dependent gene 
regulation. In addition, to study whether DELLAs simply control the expression of a 
similar set of genes to repress seed germination and floral development or whether they 
mobilize different subsets of genes in the genome to modulate these different processes, 
my colleagues and I further compared the DELLA-dependent gene sets in imbibed seed 
and flower bud. The results revealed that the GA-regulated DELLA-dependent 
transcriptomes in the imbibed seeds and flower buds are distinct from each other. 
Detailed ontology analysis showed that, on one hand, DELLAs differentially regulate the 
expression of different individual members of a gene family to run similar biochemical 
pathways in seeds and flower, on the other hand, DELLAs control many functionally 
different genes to run specific pathways in seeds or flower buds to mark the two different 
developmental processes. To study the relationship of those candidate DELLA-regulated 
genes and GA signaling pathway, several candidate DELLA-dependent genes were 
selected for further study and mutant alleles of them were obtained from TAIR. In the 
future, the roles of these genes in GA-regulated plant development will be investigated 
through genetic approaches. 
Previous studies have shown that GA attenuates the repressive function of DELLA 
proteins by triggering their degradation via the proteasome pathway. However, it is not 
known if GA-induced protein degradation is the only pathway for regulating the 
bioactivity of DELLA proteins. Hussain et al. revealed that several S, T and Y amino 
acids are important for the stability of RGL2 proteins in transgenic BY2 cells (Hussain et 
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al., 2005). By examining the expression of GA20-oxidase, the marker gene of DELLA-
regulated GA signaling pathway, I further investigated the bioactivity of those stabilized 
mutant proteins. My results suggest that the mere presence of the intact RGL2 protein in 
plants is not sufficient to elicit its biological function. It appears that, apart from 
degradation of RGL2 protein, GA also adopts a strategy to nullify the bioactivity of 
RGL2 proteins even when RGL2 protein exists in a form which is not degradable by GA. 
However, these results were all obtained in BY2 cell lines. Future work is needed to 
confirm whether the results obtained here are also applicable in planta. Futhermore, the 
actual sites for phosphorylation in RGL2 and how many of them are related to its stability 
and how many to bioactivity, or both, are still remain unclear. In order to achieve a 
clearer picture of the GA-mediated regulation of RGL2 (DELLA) protein, it is also 
important to investigate which protein kinases and phosphatases are involved in the 
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